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Abstract 
 This project is aimed at redesigning the intersection of I-290 and Vernon Street, including the 
bridge over I-290 on Vernon Street. Using industry standards, engineering software, and other 
appropriate sources, the level of service of the intersection, the crash rates associated with it, and the 
serviceability of the bridge will be assessed. The result of the project will be a determination of the 
most cost effective changes that will lead to improved intersection level of service, the same or lower 
intersection crash rates, and acceptable bridge capacity. 
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Chapter 1: Introduction  
This purpose of this project is to redesign the intersection of I-290 and Vernon Street and the 
bridge over I-290 connecting the western and the eastern section of the intersection.  The 
specifications that should be followed are the ones for successful completion of a senior thesis (MQP) 
at WPI, the ABET Capstone Design requirements, and AASHTO standards. The intersection, which is 
located in Worcester, MA, is heavily congested during weekday peak hours. This project aims at 
improving the Level of Service (LOS) at the intersection while keeping the crash rate at or below its 
current value. In addition, this project will investigate the design and serviceability of the actual bridge 
and verify if it meets the current standards, taking into consideration the lane usage and dimensions 
of the bridge to adapt the flow of vehicles at peak hours. 
 
For achieving the project purpose, data will first be obtained from the Massachusetts Highway 
Department and the City of Worcester Department of Public Works and Parks. Then, geometric, 
signaling, and traffic characteristics of the intersection and the bridge will be determined. The 
procedures followed during this process will be those described in the Highway Capacity Manual.1 The 
capacity and the LOS of the project intersection will then be determined according to the guidelines 
given in Traffic and Highway Engineering, 4th Edition.2 Alternative designs will be developed and 
evaluated in terms of their cost, expected impact on LOS, expected change in crash rate, and bridge 
serviceability. Care will be taken to make sure that all of these solutions conform to the laws of the 
State of Massachusetts and the contemporary traffic engineering practice. Finally, the best solution 
will be chosen. 
This project will benefit the surrounding area and Worcester as a whole because it will 
potentially improve the LOS of the intersection.  It will alleviate the problem with the current traffic 
congestion, safety and handicap and pedestrian accessibility. In the same time, it will not cause an 
increase of the crash rate at the intersection. 
This project will require using forms and documents that are used by professional 
transportation engineers (e.g. Highway Capacity Manual, edition 2000).3 Also, it will require 
conducting studies (e.g. a traffic volume study and design loads study) that are used in professional 
practice. The project will require development of professional solutions and evaluating them in terms 
of impact, and adherence to the design guidelines that are used in the state of Massachusetts and are 
relevant to traffic engineering matters. As a whole, the project will require a redesign of an existing 
intersection and a bridge in a professional manner. The project participants will have to show good 
knowledge of traffic and bridge engineering terms, studies, methods for conducting traffic studies, 
formulas and guidelines for analysis of data obtained from such studies, and ability to evaluate traffic 
and design solutions. All these project features make it a good topic for fulfilling the objectives of the 
degree requirements of a senior thesis like the Major Qualifying Project (MQP) at Worcester 
Polytechnic Institute (WPI). 
The project audience for this MQP is Professor Malcolm Ray, the faculty advisor for this 
project;  James Kempton, traffic engineer at the Department of Public Works and Parks at the City of 
Worcester, and  other members of the WPI community who are interested in the transportation 
engineering. The results from this project will be presented in April 2010 during the annual WPI 
Presentation Day. The results will mainly be used to prove that this project successfully fulfilled the 
                                                
1
 (Transportation Research Board, 2000) 
2
 (Hoel & Garber, 2008) 
3
 (Transportation Research Board, 2000) 
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MQP requirements at WPI. The results may also be used by one or more of the departments of the 
City of Worcester dealing with the currently performed city project for redesign of the intersection.          
Chapter 2: Background 
 
This chapter presents the current conditions at the intersection of Vernon Street and I-290 as 
well as available data about the geometric, traffic, and signal characteristics of the intersection and 
geometrics of and loads on the bridge. Also, the collected information about the history of this 
intersection is presented. Industry standards and textbooks that are used for redesigning the 
intersection are listed. Finally, the design procedure used for improving the LOS of the intersection is 
described.   
 
2.1 History of the Intersection 
 
Very little information about historical development of the project intersection and Kelley 
Square is available online. There are only two important sources that can be used to gain a perception 
of the historical reasons for the current layout of and problems associated with this intersection: a set 
of historical topographic maps and an article about the history of I-290. 
 
The four maps used in this project are shown on the website of the Documents Department and Data 
Center at the UNH Dimond Library They are historic USGS maps based on data obtained in 18924, 
19175, 19396, and 19497, respectively. 
 
Figure 1:The project intersection in 18928 
 
                                                
4
 (United States Geological Society) 
5
 (United States Geological Society) 
6
 (United States Geological Society) 
7
 (United States Geological Society) 
8
 (United States Geological Society) 
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Figure 2: The project intersection in 19179 
 
Figure 3: The project intersection in 193910 
 
                                                
9
 (United States Geological Society) 
10
 (United States Geological Society) 
13 
 
 
Figure 4: The project intersection in 194911 
 
 As is obvious from the first two maps, no complex intersection existed in 1892 and in 1917 at the 
place where Kelley Square and the project intersection currently are. The first map on which it 
appears is the one from 1939. The intersection can also be seen on the map from 1949. This shows 
that the complex intersection was created (and thus problems started) in the period between the two 
world wars with the expansion of Worcester. 
 
The section of I-290 that passes below the project intersection was planned to span from Posner 
Square to Brosnihan Square. It was built in the period 1960-1961. Thus, the current shape of the 
project intersection in terms of crossing roads and elevations was formed at that date. As obvious 
from the photos in the article which are shown below, the bridge over I-290 at Exit 13 and Vernon 
Street already existed at this time. 
                                                
11
 (United States Geological Society) 
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Figure 5: The bridge at the project intersection now12 
 
Figure 6: The bridge at the project intersection in the mid-1960’s 
2.2 Existing Conditions 
 
The intersection, shown in Figures 3 through 7, is approximately H-shaped. Traffic lights are used only 
at the east end where two ramps from and to I-290, Vernon Street, and Jefferson Street intersect. At 
its western end, two ramps from and to I-290 and Vernon Street intersect. Kelley Square, a congested 
intersection of seven roads, is in proximity to this part of the studied intersection. The two parts of 
the intersection are connected by a bridge over I-290. This bridge was built in 1959 and rebuilt in 
1989. The deck type is a concrete cast-in-place and the structure type is steel stringer/girder. 
                                                
12
 (Eastern Roads) 
15 
 
 
Figure 7: Aerial view of the project intersection13 
                                                
13
 (Google, 2009) 
16 
 
 
Figure 8: Eastern part of the intersection viewed from Jefferson Street14 
                                                
14
 (Google, 2009) 
17 
 
 
Figure 9: Western part of the intersection viewed from the bridge over I-29015 
                                                
15
 (Google, 2009) 
18 
 
 
Figure 10: Eastern part of the intersection viewed from the bridge over I-29016 
                                                
16
 (Google, 2009) 
19 
 
 
Figure 11: Sketch of the intersection17 
 
Data about the existing intersection conditions was obtained from the following eight sources:  
1) Crash reports showing crash data for Worcester, MA for the period 1999-200718 
2) City of Worcester: Street Listing19 
3) Worcester Regional Mobility Study20 
4) 2007 Top Crash Locations Report21 
5) Google Maps22 
6) Website of the Massachusetts Highway Department 
7) Massachusetts Highway Department, Structures Inspection Field Report, 2008     Routine 
Inspection23 
8) Nationalbridge.com, National Bridge Inventory Database24 
 
                                                
17
 (Courtesy of James Kempton, Assistant Traffic Engineer in the Department of Public Works and Parks at the City of 
18
 (MassHighway, 2009) 
19
 (City of Worcester) 
20
 (Vanasse Hangen Brustlin, Inc., 2009) 
21
 (Executive Office of Transportation: MassHighway, 2007) 
22
 (Google, 2009) 
23
 (Executive Office of Transportation: MassHighway, 2009) 
24
 ( National Bridges Inventory Database) 
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Crash reports showing crash data25. These documents provide information about the number and 
type of collisions that took place in Worcester, MA during the period 1999-2007. Also, the number of 
fatalities are provided. This data was used for determination of the turning movements that are most 
associated with crashes and development of final designs that reduce the problems on these turning 
movements. The reports were be obtained from the Massachusetts Highway Department. 
 
City of Worcester: Street Listing.26  This document was prepared by the Engineering Division of the 
Department of Public Works and Parks at the City of Worcester. The only relevant information that 
can be used from it so far is the listed width of the right-of-way for Vernon Street from Kelley Square 
to the junction of Millbury Street and Ballard Street. The right-of-way listed for Vernon Street in this 
area is 50 ft. 
 
Worcester Regional Mobility Study. Draft. March 2009. 27  This document was prepared for the Central 
Massachusetts Regional Planning Commission. Relevant information for the intersection between 
Vernon Street and I-290 that can be used for redesigning includes: 
 
For I-290 Exit 13: 
1) During morning peak hours, I-290 eastbound of the intersection is operating at capacity; 
during evening peak hours, it is below capacity. 
2) None of the off-ramp deceleration lanes and the on-ramp acceleration lanes connecting I-290 
and Vernon Street meet design criteria: they are very short. The deceleration lane from I-290 
in the eastbound direction is only 140 ft 
3) The deceleration lane from I-290 in the westbound direction is only 100 ft. Both lanes should 
be at least 470 ft. The acceleration lanes from Vernon Street to I-290 are both 590 ft. 
According to the authors of the mobility study, they should be 1120 ft. 
4) During evening peak hours, I-290 eastbound of the intersection is operating over capacity 
between Exit 14 and Exit 13 (Vernon Street and Kelley Square) and at capacity at the other 
sections around the considered intersection; during morning peak hours, it is below capacity. 
5) The on-ramp at Vernon Street and Route 122A (Interchange 13) is operating well below 
capacity during both morning and evening peak hours. However, weaving maneuvers on the 
mainline were not considered in the analysis.  
6) The off-ramp at Vernon Street and Route 122A (Interchange 13) is operating at capacity during 
morning peak hours and below capacity during evening peak hours. 
7) The off-ramp at Vernon Street and Kelley Square (Interchange 13) is operating well below 
capacity during morning peak hours and at capacity during evening peak hours. 
8) The reasons for the congested conditions (i.e. operation at capacity) at off-ramps are heavy 
mainline volumes and short length of the deceleration lanes. 
For Vernon Street and Kelley Square: 
1) Kelley Square is a non-signalized intersection. 
2) The Average Crash Rate for Kelley Square is 0.79 crashes per Million Entering Vehicles (MEV) 
(according to Mass Highway data). 
3) The Calculated Crash Rate for Kelley Square is 0.79 crashes per Million Entering Vehicles (MEV) 
(according to Mass Highway data). The total number of crashes at Kelley Square for the period 
                                                
25
 (MassHighway, 2009) 
26
 (City of Worcester) 
27
 (Vanasse Hangen Brustlin, Inc.) 
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2004-2006 is 112 giving an average of 37.3 crashes per year. Seventy-six of the crashes are 
angle crashes, 18 are rear-end, eight are sideswipe, five are single-vehicle crashes, four are 
unknown, and one is head-on crash. There are no rear-to-rear crashes at this intersection for 
the period 2004-2006. 
4) Seventy-five of the crashes caused only property damage. Twenty-five crashes caused personal 
injury. Twelve had unknown severity. None of the crashes caused fatalities. 
5) Sixty-six of the crashes occurred on a weekday during non-peak hours. Twenty-one of the 
crashes occurred on weekends during non-peak hours. Twelve of them occurred on a weekday 
during the evening peak hours, nine occurred on a weekday during the morning peak hours. 
Four crashes occurred on Saturdays during the time period 11:00 AM – 2:00 PM. 
6) Seventy-five crashes occurred at dry pavement conditions. Twenty-seven crashes occurred at 
wet pavement conditions. Six crashes occurred at snowy or icy pavement conditions. Four 
crashes occurred at other conditions. 
7) The principal movements through the square are the northbound Vernon Street movement to 
Madison Street and the southbound Madison Street movement to Vernon Street. 
8) The intersection is operating at Level of Service F during weekday peak hours. The program 
used for determination of the level of service is Synchro. For the purpose of analysis, Kelley 
Square was divided into two intersections: 1) Vernon Street at Millbury Street and Water 
Street and 2) Madison Street at Green Street and Harding Street. Both turned out to be 
operating at Level of Service F during weekday peak hours.  
9)   Kelley Square is very difficult for drivers who are not acquainted with it. 
 
2007 Top Crash Locations Report.28  This report was prepared by Mass Highway. It shows the 200 
intersections where the highest numbers of crashes were recorded. The report covers the period 
2005-2007. By inspection, neither Kelley Square, nor the studied intersection is listed in this list of top 
crash locations. 
 
Google Earth.29 This program was used for obtaining photos and aerial view of the intersection. The 
retrieved information is used for representation of the geometry of the project intersection. It will 
also be used in the final report for the same purpose.    
 
Website of the Massachusetts Highway Department. This website provided a Road Inventory Map 
from which just some pieces of information about the intersection can be used for its analysis and 
redesign. The following relevant data was used: 
 
1) The classification of the roads and ramps at the project intersection is as follows:30 
- Madison Street – urban principal arterial; 
- Vernon Street – urban minor arterial; 
- Jefferson Street – local road; 
- I-290 – interstate highway; 
- the bridge over I-290 (theoretically, a part of Vernon Street) – urban minor arterial; 
- On-ramp and off-ramp in the westbound direction (i.e. at the western part of the 
intersection) – urban principal arterial; 
                                                
28
 (Executive Office of Transportation: MassHighway, 2007 Top Crash Locations Report) 
29
 (Google, 2009) 
30
 (MassHighway, 2009) 
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- On-ramp and off-ramp in the eastbound direction (i.e. at the eastern part of the 
intersection) – urban minor arterial; 
2) A reconstruction project titled “WORCESTER- RECONSTRUCTION OF VERNON STREET OVER 
ROUTE 122, INCLUDES REPLACING W-44-085” 31is scheduled to begin in 2013 and will include 
replacing the bridge over I-290, new signals and geometric improvements at both the 
westbound and the eastbound ramps, and geometric improvements at Kelley Square. From 
the project description, it can be concluded that the width of the Vernon Street bridge 
structure is 44 ft, or 11 ft per each of the four lanes (see Figures 1-4). 
 
Massachusetts Highway Department, Structures Inspection Field Report, 2008 Routine Inspection.32  
This report was conducted by the local district of Mass Highway Department in Worcester. Every 
bridge in Massachusetts is inspected periodically by Mass Highway Department. In the routine 
inspection report shown below, the condition of every single member of the intersection structure is 
described with the help of a ranking scale from zero to nine. On this scale, zero indicates failure and 
nine indicates excellence. In this report, the bridge deck (item 58), which consists of wearing surface, 
deck condition, stay-in-place forms, curbs, median, sidewalks, parapets, railing, anti missile fence, 
utilities, and deck joints, has been awarded a rank of seven which means “good”. The bridge 
superstructure (item 59), which is consists of stringers, connection plates gussets and angles, cover 
plates, bearing devices, diaphragms/cross frames, rivets and bolts, welds, member alignment, and 
paint/coating, has an overall rank of  five, indicating that its condition is “fair”. The bridge 
substructure which consists of abutments, and piers or bents has been ranked with a six, showing that 
it is satisfactory. No recommendations about bridge improvement are done: the bridge is evaluated as 
being satisfactory.   
 
Website of National Bridge Inventory Database33. This website shows valuable information about the 
condition and dimensions of the bridge that can help during the design process.  The information 
collected from this website is summarized in the table below. 
       
Place Worcester, MA 
Bridge Owner Massachusetts Highway Department 
National Bridge Inventory Structure Number W440851N9MHDNBI122A 
Facility Carried ST122 A/VERNON ST 
Feature Intersected I 290 
Location 0.1 MI.EST.OF KELLEY SQ. 
Year Built 1959 
Year Reconstructed 1989 
Conclusion This bridge is Functionally Obsolete 
Owned and Maintained by State Highway Agency 
Functional Classification Urban Minor Arterial 
Service on Bridge Highway-Pedestrian 
Service under Bridge Highway, with or without Pedestrian 
Lanes on Structues 4 
Lanes under Structure 6 
Structure Length 43.6 m 
                                                
31
 (MassHighway, 2001) 
32
 (Executive Office of Transportation: MassHighway, 2008 Routine Inspection) 
33
 ( National Bridges Inventory Database) 
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Bridge Roadway Width 12.2 m 
Operating Rating 53.1 Metric Tons 
Minimum Vertical Underclearance 4.24 m over Highway 
Number of Spans in Main Unit 2 Spans 
Structural Material Steel 
Design Construction Stringer/Multi-beam or Girder 
Bridge Railling Does not meet currently acceptable standards. 
Structural Evaluation 
Somewhat better than minimum adequacy to 
tolerate being left in place as is 
Estimated Total Improvement Project Cost $ 1,862,000 
Year of Project Cost Estimate 2006 
Average Daily Traffic (ADT) 26,500 
Year of ADT 2006 
Sufficiency Rating 59.6 % 
Table 1:Bridge Information 
As shown, National Bridge has graded this bridge as a functionally obsolete one according to their 
standards, giving to the bridge a sufficiency ranking of 59.6% which is below the average.  
 
2.3 Industry Standards and Textbooks 
 
The standards that were used in this project for making a proper redesign of the project 
intersection are those described in 2000 edition of the Highway Capacity Manual (HCM)34 . 
Furthermore, the principles and advice stated in the 4th edition of the textbook “Traffic and Highway 
Engineering”35 were employed. AASHTO LRFD Bridge Design Specifications36 was also used as a 
reference in the bridge design process. For determination of Level of Service (LOS) for the project 
intersection and the impact of different design solutions on it, the computer program Highway 
Capacity Software (HCS) 2000 was utilized in an appropriate manner. Other sources that were also 
used are described below. 
 
 Traffic and Highway Engineering, 4th Edition37.  
This textbook, used at WPI for teaching introductory traffic engineering, was be the 
main source of information about the procedures and formulas for determination of the 
capacity and Level of Service (LOS) of the project intersection. This textbook was also used for 
two other tasks: design of the necessary traffic studies and geometric redesign of the project 
intersection. 
 
 Highway Capacity Software (HCS) 2000.  
This computer program is a tool for computing capacity and LOS of various highway 
sections (including intersections) by using the procedures and formulas presented in HCM 
2000. In this project, the software was used for computation of the current capacity and LOS 
                                                
34
 (Transportation Research Board) 
35
 (Hoel and Garber) 
36
 (American Association of State Highway Transportation Officials (AASHTO)) 
37
 (Hoel and Garber) 
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of the project intersection and determination of the changes in these two parameters caused 
by modifications of the intersection geometric layout, signaling system, and direction of the 
traffic flows.  
 
 McGraw-Hill’s Handbook of Transportation Engineering. Chapter 22: Traffic Congestion.38 
This chapter of the handbook contains explanations of traffic congestion as well as 
ideas on how it can be measured and solved. These ideas were used in the intersection 
redesign phase of the project.  
 
 Mass Highway Project Development and Design Guide Design Guide.39  
In this guide, description of different types of intersections and intersection 
configurations, methods for traffic control, geometric design elements, as well as other 
considerations is provided. These were used in the redesign process to make sure that 
problem solutions are consistent with state legal norms and conform to current practices for 
similar problems in the State of Massachusetts. 
 
 Manual on Uniform Traffic Control Devices (MUTCD) for Streets and Highways including 
Revision 1 dated November 2004 and Revision 2 dated December 2007.40 
This document contains information about the different types of traffic signs, markings, 
and signals used in traffic engineering practice in the USA as well as their geometric 
characteristics and locations where each of them should be placed. This source may be used if 
new devices for traffic control are implemented at the project intersection and its vicinity.  
 
 The official Zoning Map of the City of Worcester41 
This document contains information on classification of the streets at the project 
intersection which was used during Traffic Warrant Analysis.  
 
 Road Inventory Map on the website of Massachusetts Highway Department42 
This document contains information on classification of the streets at the project 
intersection which was used during Traffic Warrant Analysis.  
2.4 Intersection Design Procedure 
For the purpose of re-designing the intersection, a certain design procedure consisting of ten 
steps was employed. It was used to make sure that the design solutions are based on state and 
nationwide standards as well as data that properly describe the current conditions at the project 
intersection. These steps are described below. 
                                                
38
 (Kockelman and Luce)  
39
 (Executive Office of Transportation: MassHighway, Mass Highway Design Guide) 
40
 (Executive Office of Transportation: MassHighway, 2003) 
41
 Appendix A 
42
 (MassHighway, 2009) 
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2.4.1 Crash Data 
Data on crashes at the intersection in terms of crash types, dates of crash, crash hours, and 
environmental conditions at the time of occurrence of crashes was obtained from the Massachusetts 
Highway Department. 
2.4.2 Traffic Counts 
The Automatic Traffic Recorders were used to determine the volume of traffic flowing through 
the intersection over the course of two weeks.  The ATR’s used were JAMAR TraxPro’s.  Different 
settings were used depending on the conditions on each road.  On some of the counters on busier 
roads axles were the only thing that were counted by the counters due to limitations in the devices.  
On other roads volume, speed and classification were recorded.  The data produced was used to 
determine the Peak Hour of Traffic and the Average Daily Traffic.  For this project, traffic data was 
collected by performing ATR counts for two weeks as well as turning movement counts during the 
peak hours. Both sets of data produced by these counters are the two most important aspects of the 
analysis and redesign of the intersection. 
2.4.3 Road Geometry Data 
Road geometry data in terms of number and widths of lanes, allowed traffic directions on each 
lane, approach grades, and numbers of receiving lanes for each traffic direction were found and 
checked. Data was obtained through field observations, Google Earth, Google Maps, and an 
intersection drawing which was provided to us by James Kempton, Assistant Traffic Engineer in the 
Department of Public Works and Parks at the City of Worcester. These data were used in the LOS 
analysis as well as in evaluation of possible alternative re-design solutions. 
 
2.4.4 Signal Timing 
Traffic signals are this part of the intersection system which determines the delay and LOS of 
the different approaches. Thus, changing duration and sequences of signal phases is one of the 
cheapest and fastest methods to improve the LOS of intersection approaches and the LOS of the 
whole intersection. At the project intersection, traffic signals currently exist only at the eastern part of 
the intersection. The sequence and duration of signal phases were initially determined by field 
observations. The assumption initially made was that the traffic signals at the project intersection are 
pre-timed. However, it was determined later that they are actuated. A proper description of the 
signaling at this part of the intersection was provided in a drawing that was disclosed by James 
Kempton. It can be seen in Appendix K. The signal data was used during LOS analysis. 
2.4.5 Level of Service Analysis 
The performance of the project intersection was determined. The intersection was divided 
into a western part and an eastern part. For each part, LOS and delay for the whole part and LOS, 
delays, and degrees of saturation for the approaches were determined. Thus, failing and 
oversaturated approaches were determined and correlations between LOS of the different 
approaches were examined. These data were used for focusing re-design on improving the failing 
approaches.   
2.4.6 Crash Data Analysis 
Obtained crash data was analyzed. Total numbers of crashes for 1998-2007 and for 2005-2007 
were determined; annual numbers of crashes were also determined. Then, crashes were classified by 
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type, week day, and daytime. Thus, trends in crashes and intersections characteristics which possibly 
cause most crashes were determined so that these features can be changed during re-design. 
2.4.7 Traffic Warrant Analysis 
The possibility of traffic signal installation at the western part of the project intersection was 
evaluated. The conditions at the intersection were examined against the requirements for justification 
of the use of a traffic signal which are described in Manual on Traffic Control Devices (MUTCD) edition 
2003, a nationwide recognized standard.43 
2.4.8 Summary of Issues That Affect Re-Design 
The issues that were found during steps five to seven and are deemed to deserve consideration 
during re-design were summarized and examined. New issues which can also have impact on re-
design but were not found during steps five to seven were also examined. 
2.4.9 Search for Possible Design Solutions 
Alternative intersection designs which can improve the LOS of and decrease delay at the 
intersection were searched for and compiled. Each of the alternative solutions was further improved 
by making changes that will increase traffic speed and decrease congestion. 
2.4.10 Evaluation of and Final Changes to the Alternative Solutions 
The impact that each of the alternative solutions is expected to cause on intersection 
approach Levels of Service of the intersection approaches and the two parts (western and eastern) of 
the intersection was evaluated. Final optimization of solutions was performed by changing phasing 
sequences and durations as well as road geometry. 
 
2.5 Sources used  
Throughout our project there were several important resources that were referenced.  All of 
the procedures and designs outlined in this report follow the standards set by transportation 
organizations. Regulations set forth by AASHTO publications are referenced44, in addition to the 
MUTCD, which describes specific standards of signage and signalization.45  The Traffic and Highway 
Engineering textbook was crucial in key elements of traffic analysis and was used extensively. 46 
There were also relevant documents and files provided by James Kempton from the Worcester 
DPW such as the Existing Signal Timing Data as well as the AutoCAD files of Kelley Square and the 
Bridge.  
The project was aided by the use of AASHTO LFRD Bridge Design Specifications, a series of 
bridge engineering handbooks, and RISA’s structural engineering software, in addition to many other 
sources. 
 
 
 
                                                
43
 (Executive Office of Transportation: MassHighway, 2003) 
44
 (American Association of State Highway Transportation Officials (AASHTO), 2008) 
45
 (Executive Office of Transportation: MassHighway, 2003) 
46
 (Hoel & Garber, 2008) 
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Chapter 3:  Methodology 
 
3.1 Data Collection 
Two different types of traffic counts were necessary in order to gain a complete understanding of the 
intersection.  With these counts the entire intersection was able to be observed and analyzed. 
The data collection part of this report discusses the following tasks: 
 Turning Movement Counts 
 Traffic Volume Counts 
3.1.1 Equipment and Resources 
Various equipment was necessary in order to complete the data collection.  WPI’s Civil Engineering 
Department made several pieces of equipment available which were used throughout the project.  
Additional equipment was borrowed from Worcester DPW.  The following resources were used during 
the project: 
 
 JAMAR TraxPro 
 JAMAR TMC 
 McTrans HCS 2000 
 Current Signal Timing Information 
 Accident Reports 
 
3.1.2 ATR Data Collection 
The ATR’s were used to calculate the volume counts on the various roads leading into the 
intersection.  Three ATR’s were on loan from the Worcester DPW and four were owned by WPI.  The 
JAMAR TraxPro’s came with a software that was crucial in analyzing the different data that was 
collected.  The tubing used for the project was provided by WPI.  The available tubing was mini-tubing 
which has a smaller diameter than conventional tubing but works just the same. 
 The placement of the ATR’s was determined by examining all the inputs to the intersection 
and assessing how many counters were available.  By examining the intersection on site, the best 
locations were determined and the correct placement was assessed by locating nearby sign posts and 
guard rails and planning for the counters to be located next to a secure place where they could be 
locked.  If one more counter was available, it would have been placed on Ware Street.  But after 
analysis of the intersection and with the data from the turning counts we determined that this data 
was insignificant and would not affect us determining the Level of Service or possible alternatives for 
the intersection.  Outside of Ware Street, the location of the other counter’s was easy to determine 
and after locating the best anchors we were able to find the necessary tube lengths using Google 
Maps47 and calculating the distance across the roadway at our locations. 
 
How to set up an ATR 
 
 The following equipment is necessary to set up an ATR: 
 JAMAR TraxPro 
                                                
47
 (Google, 2009) 
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 Chains 
 Tubing 
 Locks 
 Hammer 
 PK Nails 
 Pry Bar 
 Mastic Tape 
 Measuring Tape 
 Chinese Fingers 
 
 Dependent on the traffic conditions a police detail might be necessary in order to maintain 
safety.  After locating the anchor, 4 feet should be measured from the anchor in each direction.  From 
each of these points, tube should be laid across the road maintain a 4 foot distance.  The end of the 
tube opposite the counter should be hammered with a nail through the hook on the Chinese Finger 
Grip and the clasp over the tube.  The tube should than be stretched tight across the roadway with 
webbing wrapped around the tube and hammered down at the counter side.  The tube should then 
be taped down approximately every six feet with Mastic Tape with one piece in the middle of the 
roadway.  The Mastic should be hammered down to ensure that it is tight with the roadway.  These 
tubes should than be fed into the counter at either the A or B terminal while making note of which 
tube goes into each terminal.  After the appropriate setting is selected and it is ensured that cars are 
causing the counter to count, than the counter can be closed up and locked to the anchor. 
 
Setting up the ATR’s at the I-290 Ramps and Vernon and Jefferson Street 
 
 Seven traffic counters were set up at the Vernon Street Bridge Intersection on Monday 
October 19th.  Three JAMAR Trax II tools were used courtesy of Worcester Department of Public 
Works as well as four JAMAR Trax I Pro tools courtesy of the WPI Civil Engineering Department.  A 
Worcester Police detail was hired to maintain safety and block cars when crossing the busy roads.  
Don Pellegrino, WPI Civil Department’s Lab Manager, helped set up the first counter to ensure that 
everything was working.  With the first counter, problems were encountered with the Traffic Counting 
Device.  As we looked at the display it was not correctly counting the cars on Vernon Street EB so we 
switched this counter to axle hits only.  This is unfortunate that we will not be able to handle 
classification and speed but considering this is such a high trafficked intersection the only way for the 
JAMAR counter to work is to use this setting.  At most of the other locations the volume was much 
lighter and there were fewer lanes so the counter could handle the data that was coming in.  At these 
sites the setting Binned Counting was used.  We noticed that when there were more than two lanes of 
cars in the same direction, the counter could not handle this amount of data.  This occurred at I-290 
EB Off ramp as well as the east side of Vernon Street.  At the I-290 Off ramp the counter was put in 
axle only count in order to still enable full counting although speed and classification would not be 
accounted for.  For the counter on the east side of Vernon Street, the data was not being recorded 
either, so Ryan Starbuck called JAMAR’s technical support and they discussed the various options.  
Given the current situation it was determined that only two lanes should be recorded because of the 
capabilities of the device.  In order to fix this problem, the counter was moved east on the street and 
placed next to a light post.  The JAMAR technical support recommended placing the counter on the 
Basic setting and post processing the data on a computer.  The Basic setting allowed us to still be able 
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to gain important data such as speed, classification and volume.  After all the counters were placed on 
the roads and the correct notes were taken regarding A and B tubes as well as file names.  The 
counters were all scheduled to be left out for two weeks but after one night it was discovered that 
one tube had become lose because of how close it was placed to a catch basin.  One week later it was 
discovered that one of the tubes was completely missing and the counter and the remaining tube 
were removed from the site.  
3.1.3 Turning Movement Counts 
  
 Turning Movement Counts were performed in addition to the traffic counts.  The required 
equipment necessary for the TMC’s were JAMAR TDC counters provided by the WPI Civil Department.  
JAMAR PETRA software was also required in order to download the data from the counters. 
 There were four different Turning Movement Counts that needed to be performed in order to 
get a full synopsis of the intersection.  We had two people at each of the counts on opposite sides of 
the intersection in order to split up the many turns that were made and to ensure accurate data.  The 
Counts were done during the peak hours of 7:00 AM-9:00 AM and 4:00 PM-6:00 PM. 
 There was a Turning Movement count that was conducted on October 1, 2009 for the east side 
of the intersection.  All possible movements were accounted for as well as truck and pedestrian 
volumes.  The count was conducted at 7AM-9AM and 4PM-6PM. On October 20th at 7AM-9AM there 
was a count done for the western side of the intersection and on October 22nd the afternoon peak 
count was done between 4PM-6PM.  Both counts went well and all movements were accounted for as 
well as truck and pedestrian volumes.  Once the counts were completed the data was downloaded 
using PETRA software. 
3.1.4 Signal Timing 
 The specific timing of the signal was crucial for us to determine how it affects the current Level 
of Service.  The current timing of the signal at the intersection was provided to us by James Kempton.  
The observed timing of the intersection was also recorded. 
3.1.5 General Observations 
 The following are observations that were noticed during the multiple visits to the intersection: 
 
 Dangerous and Difficult Turns 
 Truck Movement 
 Illegal Maneuvers by Cars 
 General Operation of Intersection 
 Pedestrian and Bikes 
 Signal Timing 
3.1.6  Dangerous and Difficult Turns 
 There are four turns in the intersection that cause large backups or are potentially dangerous.  
When vehicles attempt to make these turns it can cause excessive traffic and unsafe situations. 
 The left turn from the I-290 EB off ramp onto Vernon Street is one of great difficulty for 
vehicles and trucks when cars pass the stop line.  Because of the sharp angle of this turn if cars pull up 
too far on Vernon Street they delay the cars making this turn and also cause large tractor trailer trucks 
to sometimes have to back up and make many points in order  to make the turn.  This was noticed 
during the turning movement counts on 10/1/2009.  When a truck would not be able to make this 
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turn they would cause massive delays and sometimes be stuck in the intersection when the light 
changed and have to stop traffic from moving on Vernon Street.  One truck was timed taking this turn 
and it took the truck 80 seconds to complete the turn.  In this instance an entire cycle passed on the 
lights before the truck was able to be correctly aligned.  Cars at all roads had to stop and wait for the 
truck to make this turn 
 The left turn from the I-290 WB off ramp is a very difficult turn and due to the limited space 
available on Vernon Street during peak hours cars creep across the road and block cars going west on 
Vernon Street.  Since the signalized intersection on the east side is so close, cars will pull all the way 
up when they come to a stop and essentially make this turn very difficult.  The only time that cars 
seem to be able to make this turn is right after the left turn phase from Vernon Street onto I-290 EB is 
over and there is an empty lane and are no cars for the short time period for cars going westbound on 
Vernon Street.  The time period in which cars can make this turn is very limited and thus creates a 
large backup. 
 The right turn from the I-290 WB off ramp can be extremely dangerous because the line of 
sight for looking at traffic to merge with can potentially be blocked by large vehicles making the left 
onto Vernon Street from the same ramp.  While we conducted one of the traffic counts there was a 
very dangerous situation in which a car went to take the right turn and almost collided with another 
car because they could not see the car coming down Vernon Street due to blocked line of sight. 
 The last turn which proved to be very difficult and backed up traffic was the left turn from 
Vernon Street westbound onto the I-290 WB on ramp.  Considering cars usually blocked the entrance 
to the ramp cars would sometimes wait there for an extended period of time or they would get let go 
by cars in the left lane of Vernon Street eastbound but not notice the cars coming from Kelley Square 
in the right lane of Vernon Street.  When large trucks tried to make this turn they sometimes blocked 
both lanes of Vernon Street westbound until they had space to make the turn. 
3.1.7 Truck Movement 
 Truck movement at the intersection proved to cause further delays during rush hour.  As 
previously mentioned trucks getting off some of the highway had trouble making turns, blocked lanes 
or blocked the view of turning cars.  At non-peak hours trucks still made an impact on the intersection 
but because of the lower volume of cars they did not create as large of a delay.  Since the existing 
bridge is not up to current lane width standards of 12 ft.48 some large trucks end up taking up more 
than one lane and make it hard for other vehicles to travel as easily as they otherwise would.  There is 
not an abnormally large volume of trucks that pass through the intersection but because of the 
current alignment and some of the difficult turns they make a large impact.  One other thing that was 
noticed is that a limited number of trucks were getting off the I-290 EB off ramp and then proceeding 
to take a left onto Vernon Street and then another left onto the I-290 WB on ramp.  These are two 
very difficult turns for trucks to make and they cause a delay in the intersection. 
3.1.8 Illegal Maneuvers by Cars 
 As previously discussed, some cars would creep across Vernon Street in order to take a left 
from the I-290 WB off ramp onto Vernon eastbound and block cars going west.  Some cars were also 
seen to keep going through the light even after it changed to red.  This caused the traffic that was 
receiving the new green to have an extra delay because of cars still in the intersection. 
                                                
48
 (Google, 2009) 
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3.1.9 General Operation of Intersection 
 The intersection handles a very large amount of traffic and sometimes it is done very 
efficiently.  When the difficult lefts that were listed earlier are limited aside from the left off of I-290 
eastbound, Vernon Street is able to handle a large amount of traffic and the only delay is caused by 
cars entering Kelley square.  The speed of traffic when it is flowing smoothly during peak hours can be 
very fast and dangerous given the large volume of cars.  Cars going down the hill that have the green 
light often speed up to enter Kelley Square at a dangerous speed.  Given the slow moving cars in 
Kelley Square, it caused cars to have to slow down rapidly endangering themselves as well as others.  
It was also noticed that most of the cars coming from Ware Street were headed for the I-290 EB on 
ramp. 
3.1.10 Pedestrians and Bikes  
 The pedestrian traffic at the intersection was very light and mainly on the southern side of the 
intersection due to the difficult crossing of the I-290 EB on ramp.  The bike traffic appeared to be very 
light and was not accounted for during the traffic counts due to the 4-6 bikes per hour that were seen.  
The pedestrian signals seemed to give adequate time to in order to cross the street. 
3.2 Data Analysis 
Once all data was compiled, analysis began. It consisted of four separate phases: 
 Level of Service (LOS) Analysis 
 Crash Data Analysis  
 Traffic Signal Warrant Analysis 
 Summary of Issues That Affect Design 
First, the intersection Level of Service (LOS) was determined. The input parameters were 
determined through analysis of ATR data, analysis of turning movement counts, documents disclosed 
to us by James Kempton, Assistant Traffic Engineer in the Department of Public Works and Parks at 
the City of Worcester, Google Earth Data on the project intersection, and Google Maps data on the 
project intersection.  All these data were used as input in Highway Capacity Software (HCS) 2000, a 
traffic data analysis tool which was utilized for determination of LOS, delays, and degree of saturation 
for the intersection approaches and of LOS and delay for the intersection as a whole.  
Second, crash data was analyzed. The crashes that occurred between 1998 and 2007 at the 
project intersection were determined. For these crashes, collision diagrams we produced. Also, the 
total number of crashes for 1998-2007 and for 2005-2007 was determined. The crashes per week day 
and per day time were determined. Finally, crashes were classified by crash type. 
Third, a warrant analysis was performed in accordance with the standard procedures for 
justification of traffic signal installation at a non-signalized intersection that are outlined in Manual on 
Uniform Traffic Devices (MUTCD), edition 2003. The purpose of this analysis was examination of the 
possibility of traffic light installation at the western part of the project intersection. Traffic data 
obtained from ATR counts and traffic movement counts, data on schools in the vicinity of the 
intersection, data on road characteristics was used to evaluate whether the use of a traffic signal at 
this locations is justified.  
Finally, all issues that were encountered during analysis and deemed worth consideration 
during intersection re-design were summarized and discussed. Also, issues not previously 
encountered but relevant to red-design procedures were discussed.  
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3.3 Design Alternatives 
 
 To determine potential design alternatives there were many factors that were taken into 
account.  After careful visual observation of the intersection as well as analysis of the intersection 
using the program HCS2000 many current flaws were discovered.  In order to correct these flaws, 
different changes were examined, including: 
 
 Width of Bridge 
 Geometry of Bridge 
 Signal Timing 
 Closing Roads 
 Restricted Turns 
 Restricting Heavy Vehicle Traffic 
Chapter 4:  Findings 
4.1 ATR Data 
The entire set of data can be found in digital form accompanying the MQP. Here, only 
summaries of the average and maximum hourly volumes for each travel direction are provided. They 
are shown in the tables below.  
Approach 
and 
Direction 
Kelley 
Squar
e, EB 
Kelley 
Squar
e, WB 
Wester
n Off-
Ramp 
Easter
n Off-
Ramp 
Vernon 
Street, 
WB 
Jefferson 
Street, 
WB 
Wester
n On-
Ramp 
Easter
n On-
Ramp 
Verno
n 
Street
, EB 
Jefferso
n 
Street, 
EB 
12:00 
AM-1:00 
AM 302 294 120 157 245 1 256 275 295 29 
1:00 AM-
2:00 AM 219 228 96 126 226 1 268 228 355 19 
2:00 AM-
3:00 AM 130 144 65 97 202 4 186 118 272 32 
3:00 AM-
4:00 AM 183 195 55 52 135 1 71 110 136 19 
4:00 AM-
5:00 AM 442 601 115 80 113 0 90 267 83 8 
5:00 AM-
6:00 AM 959 1317 265 258 252 3 238 531 170 12 
6:00 AM-
7:00 AM 1829 1564 465 635 516 2 438 738 386 18 
7:00 AM-
8:00 AM 1648 2367 503 797 585 2 484 719 411 38 
8:00 AM-
9:00 AM 1483 2174 461 808 614 1 472 615 421 57 
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9:00 AM-
10:00 AM 1394 2049 414 658 572 2 460 572 440 45 
10:00 
AM-11:00 
AM 1586 2198 453 640 580 1 491 555 479 36 
11:00 
AM-12:00 
PM 1501 2205 482 599 573 1 582 625 491 44 
12:00 
PM-1:00 
PM 1607 2321 480 657 604 2 602 639 500 64 
1:00 PM-
2:00 PM 1700 2431 515 694 574 2 623 685 508 52 
2:00 PM-
3:00 PM 1728 2313 488 853 560 4 654 658 531 56 
3:00 PM-
4:00 PM 1737 1879 463 802 558 2 738 631 493 65 
4:00 PM-
5:00 PM 1711 1817 427 732 544 4 828 629 488 67 
5:00 PM-
6:00 PM 1547 1608 482 721 562 1 760 611 491 69 
6:00 PM-
7:00 PM 1244 1358 434 664 546 5 691 559 503 69 
7:00 PM-
8:00 PM 923 874 368 546 516 2 470 423 510 59 
8:00 PM-
9:00 PM 808 826 346 425 506 2 386 434 488 53 
9:00 PM-
10:00 PM 733 670 310 389 495 0 384 336 471 45 
10:00 
PM-11:00 
PM 582 551 247 328 430 1 304 314 436 47 
11:00 
PM-00:00 
AM 390 385 199 223 356 2 252 253 315 39 
Table 2: Maximum Hourly Flows. 
Approach 
and 
Direction 
Kelley 
Squar
e, EB 
Kelley 
Squar
e, WB 
Wester
n Off-
Ramp 
Easter
n Off-
Ramp 
Vernon 
Street, 
WB 
Jefferson 
Street, 
WB 
Wester
n On-
Ramp 
Easter
n On-
Ramp 
Verno
n 
Street
, EB 
Jefferso
n 
Street, 
EB 
12:00 
AM-1:00 
AM 
199.7
5 
212.2
5 
65.866
7 
157 134 0.125 121.4 
115.9
3 
157.2
6 
20.562
5 
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1:00 AM-
2:00 AM 
149.7
5 
160.7
5 
54.133
3 
126 94.733 0.125 
110.33
3 
90.2 
139.8
6 
10.5 
2:00 AM-
3:00 AM 
102.7
5 
119.2
5 
36.866
7 
97 72.666 0.8125 
70.533
3 
54.93
3 
97.26
6 
13.375 
3:00 AM-
4:00 AM 
138 
169.7
5 
42.6667 52 58.4 0.375 43 72.067 57.8 7.0625 
4:00 AM-
5:00 AM 
347.6
6 
494 82.4 80 82.466 0 
63.266
7 
188.6
7 
62.33
3 
5.3125 
5:00 AM-
6:00 AM 
744.6
6 
1069 183.6 258 171.33 0.375 156.6 
373.9
3 
119.3
3 
6.75 
6:00 AM-
7:00 AM 
1598 
1515.
667 
343.2 635 352.6 0.25 
299.33
3 
548.4
7 
271.8
6 
11.562
5 
7:00 AM-
8:00 AM 
1251 1825 396 797 439.6 0.375 
377.66
7 
514.87 
338.1
3 
27.125 
8:00 AM-
9:00 AM 
1067 1684 
370.86
7 
808 487.53 0.125 386.2 
475.4
7 
351 
43.312
5 
9:00 AM-
10:00 AM 
1018 1626 
373.26
7 
658 508.4 0.75 
398.33
3 
489.6
7 
406.8
6 
28.562
5 
10:00AM- 
11:00AM 
1126.
3 
1747.
667 
399 640 519.26 0.125 
428.73
3 
516.4
7 
426.5
3 
29.062
5 
11:00 
AM-12:00 
PM 
1186.
2 
1659.
5 
412.12
5 
599 526.86 0.142857 
472.43
8 
547.8
8 
434.0
6 
29.714
29 
12:00 
PM-1:00 
PM 
1306.
5 
1821.
75 
417 657 523.73 0.5 
512.37
5 
585.6
9 
453.5
3 
40.428
57 
1:00 PM-
2:00 PM 
1381 
1953.
75 
439.37
5 
694 484.4 0.714286 
546.18
8 
623.3
1 
454.6 43 
2:00 PM-
3:00 PM 
1458.
2 
1936.
25 
430.4 853 451.18 1.357143 
589.12
5 
588.0
6 
451.3
1 
45.357
14 
3:00 PM-
4:00 PM 
1635.
5 
1846.
5 
359.4 802 472.13 0.428571 630 588.4 
459.5
3 
51.714
29 
4:00 PM-
5:00 PM 
1653.
5 
1806.
25 
349.86
7 
732 472.26 0.785714 
702.86
7 
564.7
3 
454.2 
59.142
86 
5:00 PM-
6:00 PM 
1490 
1550.
5 
407.86
7 
721 496.53 0.357143 
643.46
7 
526.1
3 
458.8 
61.428
57 
6:00 PM-
7:00 PM 
1196 
1207.
25 
353.2 664 494.26 0.9375 508.6 
437.0
7 
452.4
6 
55.437
5 
7:00 PM-
8:00 PM 
873.5 821 250.8 546 478.06 0.375 
401.66
7 
340.6 
462.6
6 
48.812
5 
8:00 PM-
9:00 PM 
745.2
5 
749.5 195 425 409.8 0.5 
329.46
7 
294.5
3 
415.8 
42.562
5 
9:00 PM-
10:00 PM 
636.5 601 
188.86
7 
389 354.2 0 
286.53
3 
253.9
3 
371.6 38.875 
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10:00 
PM-11:00 
PM 
490.7
5 
451.7
5 
172.93
3 
328 313.26 0.4375 
213.93
3 
191 312.2 33.625 
11:00 
PM-12:00 
AM 
312.2
5 
306 116.467 223 223.06 0.75 160 129.73 231 27.5 
Table 3: Average Hourly Flows. 
The data presented in these tables include the raw data from the ATRs which collected data in 
hourly intervals and summary of the raw data from the ATRs which collected data in 15-minute 
intervals. From the two tables, it can be seen that the area with the heaviest traffic volumes is Kelley 
Square Eastbound and Westbound from 6 AM to 7 PM. During these hours, the average traffic is more 
than 1000 vehicles per hour. The second intersection approach with highest average traffic volume is 
the eastern off-ramp followed by Vernon Street. However, the average traffic volumes at those 
locations are well below 1,000 vehicles per hour even during peak hours. It can also be seen the 
eastbound traffic at Kelley Square reaches a peak between 3 PM and 5 PM; the westbound traffic at 
Kelley Square reaches a peak at 2 PM – 3PM; the traffic at the eastern off-ramp reaches a peak at 2 
PM - 3 PM; the westbound traffic at Vernon Street reaches a peak at 10 AM – 1 PM; and the 
eastbound traffic at Vernon Street has approximately constant high values between 12 PM and 8 PM. 
Therefore, the peak hour for the whole intersection is definitely 2 PM – 3 PM. Although no turning 
movement count data for these hours were collected, it was assumed that the afternoon data for 4 
PM – 6 PM can be used for intersection analysis and design purposes. 
From the ATR data, it can also be seen that there is no significant differences between morning 
traffic and afternoon traffic in terms of approaches with highest volumes. Therefore, it can be 
assumed that the project intersection is not used mainly by people commuting to work or school.  
Regarding data discrepancies, it should be noted that the values for the Kelley Square 
intersection approach are very high for both the westbound and the eastbound direction. During 
some hours, the average volumes for these directions are several times higher than the values for 
traffic from other approaches, with the values for Kelley Square Westbound even being more than the 
sum of traffic entering the intersection from both off-ramps, Vernon Street, and Jefferson Street. 
Since the reasons for this discrepancy were not found, it was assumed that it is a reflection of real 
conditions. Therefore, these high values were used in intersection analysis design. 
It should also be noted here that while most of the ATRs completed two weeks of traffic 
counts, the ATR at the Kelley Square approach recorded data for only about 3.5 days – from Monday 
noon to Friday night. Therefore, complete weekly data on traffic volumes was not collected. However, 
it was assumed that the highest volume for the intersection as a whole occurs at one of the times for 
which data was available so that satisfactory analysis and design procedures can be performed. 
 4.2 Crash Data 
Complete crash data for 1998-2007 for the City of Worcester is shown as a digital attachment 
to the MQP. It was obtained from the Massachusetts Highway Department. From this data, crashes 
that happened at the intersection were determined and collision diagrams were drawn. These are 
shown in Appendix M. 
As obvious from the crash data, about 40 crashes occurred annually between 1998 and 2000. 
At the same time, the annual number of crashes that occurred between 2001 and 2007 is less than 30, 
with the only exception being crashes in 2002. This leads to the conclusion that significant volume 
decrease occurred or a crash reduction measures were taken in the period 2000-2001. Also, it should 
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be noted that over 30 different types of crashes occurred between 1998 and 2007. These happened 
on all 7 days of the week, with week days crashes being prevalent. This leads to the conclusion that a 
more rigorous examination of crash data should be performed during the analysis period to 
determine which crash types occurred most often and what are the most accident prone times.    
Chapter 5: Analysis 
In this chapter, gathered data is analyzed. 3 different kinds of analysis are performed: 
- Level of Service (LOS) analysis; 
- Crash Analysis; 
- Traffic Signal Warrant Analysis; 
The obtained results are summarized and discussed. Issues that arose from these results and will 
probably have some impact on intersection re-design are pointed out and discussed. Finally, all issues 
that may affect re-design are summarized.  
5.1 Level of Service (LOS) Analysis: 
This part of the analysis procedure was most important since it determined the current 
conditions at the project intersection in terms of delay experienced by the average vehicle entering 
the intersection during peak hours; capacity of each approach to the intersection; and delay at each 
approach of the intersection. At the eastern part of the intersection, delay and LOS of the whole part 
were determined. From the obtained results, the most problematic approaches in terms of delay 
experienced by the vehicles using those approaches were found. Thus, the approaches which need to 
be given more green time (or, at the western part of the intersection, more time gaps for vehicles to 
pass through the intersection) during the intersection re-design were found. 
  The computer program which was used for analysis of the current LOS of the intersection was 
Highway Capacity Software (HCS) 2000. It requires input in terms of volumes of vehicles, including the 
percentage of heavy vehicles, entering from each of the intersection approaches; number of 
pedestrians and bicycles crossing the intersecting streets; geometry of the intersection (number and 
widths of lanes at each approach and approach grades); design of the currently existing traffic light 
(duration and sequences of phases); and certain other operating parameters. Then, it analyzes the 
intersection and produces outputs most important of which are delay in seconds, saturation rates, 
capacity, and LOS grade for each approach. The LOS grades vary are from A to F and are based on the 
delay values. LOS A is the best possible grade indicating that the delay at the approach is small and 
traffic from the approach progresses satisfactorily through the intersection, while LOS F shows that 
the approach is failing in sense that the delay experienced by the average vehicle that uses this 
approach is huge and the traffic from this approach progresses slowly and unsatisfactorily through the 
intersection. It should be noted that the delay ranges for each LOS grade differ depending on which 
feature of the program HCS 2000 is used. For example, when HCS 2000 Signal is used, the grade LOS A 
has certain delay ranges in seconds; when HCS 2000 Unsignal is used, the grade LOS A has other 
range. 
The project intersection was divided in two parts each of which was then analyzed separately 
with HCS 2000. Two of the features of this program were used. HCS 2000 Signal was used for 
evaluation of the current conditions at the eastern part of the intersection where a traffic light 
currently exists. For the western part where traffic is controlled by stop signs, HCS 2000 Unsignal was 
used. 
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First, the eastern part of the intersection was analyzed. For the purpose of analysis, the 
intersection of Jefferson Street and Vernon Street was assumed to be closed with cul-de-sacs. The 
vehicles traveling from the bridge to Jefferson Street were assumed to be traveling on the eater on-
ramp. The vehicles travelling from the eastern off-ramp to Jefferson Street were assumed to be 
travelling on Vernon Street. The vehicles travelling from Jefferson Street to the intersection were 
disregarded because their number was small and because this movement is prohibited on Jefferson 
Street, which currently is a one-way street. The performed analysis in terms of input and output data 
is shown in digital form accompanying the MQP. The geometry of the intersection in terms of lanes, 
allowed movements (left, through, and right) for each lane, and receiving lane for each of the 
intersection approaches was found from two sources: observations made at the intersection and a 
drawing of the intersection provided by James Kempton, Assistant Traffic Engineer in the Department 
of Public Works and Parks at the City of Worcester. The required traffic volume input was found by 
adjusting the data obtained during the turning movement counts. For this purpose, the maximum 
hourly intersection inflow or outflow (in terms of vehicles per hour) for the two weeks during which 
ATR counts were performed was first determined along with the time when this peak traffic flow 
occurred (i.e. the absolute peak hour). It was found that this peak hour was 1 PM to 2 PM. Then, this 
peak-hour data on volumes of vehicles entering or exiting the intersection was compared with the 
data obtained from turning movement counts. For each approach, the ratio of 1) the number of 
vehicles exiting the intersection through the approach that was computed from data on afternoon 
turning movement counts and 2) the number of exiting vehicles during the absolute peak hour that 
was determined from the ATR data was found. The afternoon peak outflow hour was determined. 
Then, the actual turning movement values for each traffic direction were multiplied by the computed 
ratio so that adjusted values were obtained. In this process, the turning movement values for the peak 
outflow hour (not the peak hour) were adjusted. The actual data obtained from afternoon turning 
movement counts and the computed adjusted values are shown in Appendix F.  
It should be mentioned here that this procedure lead to determination of maximum traffic 
outflow for the intersection as a whole. An alternative approach to determination of peak traffic flow 
values was determination of peak flow for each of the approaches. However, this approach was 
perceived to be overly conservative leading to excessively high values. Also, it was assumed that the 
peak traffic flows for the approaches are not likely to occur all at the same time.  
The next input data required was peak hour factor (PHF). For determination of this value, the 
turning volumes during the peak hour (not the peak outflow hour) were used. A single PHF value of 
0.98 was determined and used for all approaches at the eastern part of the intersection. 
The Right Turns on Red (RTOR) values were then all estimated to be 0. This was done because: 
1) The high traffic volumes for the project intersection were assumed to be known by all drivers 
passing through the intersection. Also, it was assumed that drivers act safely and don’t engage 
in risky right turns so that the number of RTORs is negligibly small. 
The available queue spacing in the LOS analysis was assumed to be 20 ft. This value which is less 
than the average assumed spacing of 24.9 feet is based on observations made during turning 
movement counts. 
The available queue storage length was then determined from Google Earth data and the field 
observations on parked vehicles. 
The so-called operating parameters were then specified. The default values for the Initial Unmet 
Demand, Unit Extension, and Start-Up Lost Time were used. From field observation and Google Earth 
data on upstream intersections, arrival type was assumed to be Arrival Type 2 for Vernon Street and 
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Arrival Type 3 for the eastern off-ramp. The Filtering/Metering Adjustment Factor I was assumed to be 
0.09 for the approaches on Vernon Street and the bridge and 1.00 for the eastern off-ramp. Here are 
the reasons for this choice: 
1) From field observations, it was determined that the first upstream signalized intersection, the 
one at Providence Street and Winthrop Street, was failing and oversaturated due to during the 
afternoon peak hour. So, I=0.09 was used to account for this fact. 
2) For the purpose of this analysis, Kelley Square was modeled as a signalized intersection with 
two phases: one allowing the passage of vehicles from north (Harding Street and Water Street) 
and south (Harding Street and Millbury Street) and vice versa while keeping all other vehicles 
stopped; another allowing all other movements while keeping vehicles travelling from north 
(Green Street, Harding Street, and Water Street) to south (Harding Street and Millbury Street) 
and vice versa stopped. By field observations, the first phase was assumed to be 5 seconds and 
the second phase was assumed to be 15 seconds. This model of Kelley Square may be 
considered an oversimplification but it was used to approximate the oversaturated traffic 
conditions at this place, justifying the value of I=0.09 for the western upstream signal 
intersection and providing data on phases of this signal intersection that were used in 
evaluation of the LOS for the western part of the project intersection (see below). 
3) Since there are no exits on I-290 EB which are less than 1 mile from the project intersection, 
the value of I for the eastern off-ramp was assumed to be 1.00. 
The data on pedestrian facilities which was used in this analysis was obtained from Google Maps.49 
The pedestrian speed was assumed to be 3 feet per hour. 
The next important information to be used as input was the phasing design. It was provided to us 
by James Kempton, Assistant Traffic Engineer in the Department of Public Works and Parks at the City 
of Worcester. It should be noted here that the actual traffic signaling system used at the intersection 
is actuated. Since the software can only analyze pre-timed systems, the values used for the purpose of 
analysis were the maximum values for green time, This was based on the fact that the project 
intersection is obviously oversaturated during the peak afternoon hours and the best approximation 
to the actual signaling at these times can be achieved by using the maximum values for green time.  
The last group of required input data was Saturation Flow Adjustment. Five changes were made here: 
1) The actual lane widths were used. They were determined through use of Google Maps. 
2)  The actual percent grades were used. They were determined through the use of Google 
Maps.50 
3) The percent of heavy vehicles was found from the data on traffic volumes during the peak 
outflow hour. 
4) The number of conflicting pedestrian and bicycle movements was determined. The data for 
the peak hour (not the peak outflow hour) was used.  
5) The percent of eastbound vehicles using the protected phase for left turns was assumed to be 
32. 
These input data produced the results shown in the table below. 
                                                
49
 (Google, 2009) 
50
 (Google, 2009) 
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 EB WB NB SB Intersection 
Delay (sec) 334.4 28.5 127.2 - 470.5 
LOS F C F - F 
Table 4:Existing LOS 
If the minimum green times were used in the LOS analysis, other things kept the same, the following 
values would be obtained: 
 EB WB NB SB Intersection 
Delay (sec) 993.7 17.8 >1,000 - 728.9 
LOS F B F - F 
Table 5: LOS for minimum Green Times 
By observation, the eastern part of the project intersection is failing. Each of the approaches 
except for the westbound approach experience excessive delays. Since a signalized intersection or an 
approach to it is given an LOS of F for delay values of more than 80 seconds, it can be concluded that 
the eastbound approach have delay that practically renders it non-functioning during afternoon peak 
hours. This may be the reason for the obvious oversaturation of Kelley Square during peak hours. 
Another important thing to be noted is the huge difference between performance of the 
westbound approach and the other approaches. It should be also mentioned that actuated signals are 
provided for the eastbound and the northbound approaches but not for the westbound. Therefore, it 
can be concluded that while the delay of the westbound approach is in direct relationship with the 
cycle length of the existing traffic signal, the delays for the other two approaches are in inverse 
relationship with the cycle length. Also, as obvious from the obtained results, an intersection redesign 
process based mainly on signal re-timing will have produce measures which will decrease delay at the 
eastbound approach, the northbound approach, and the eastern part of the project intersection as a 
whole but will inevitably lead to increase of the delay at the westbound approach. 
Data on current degree of saturation at the eastern part of the intersection during afternoon 
peak hours also provide insights on the current performance of this part of the intersection. It is 
provided in the table below. 
 
 
 EB Left-Only 
Lane 
EB Through 
Lane 
WB Lanes NB Left-and-
Through Lane 
NB Right Lane 
Degree of 
Saturation 
0.70 0.34 0.49 1.03 0.40 
Table 6: Degree of Saturation 
     As obvious from this table, none of the lanes except for the northbound lane for left-turning 
and through traffic are oversaturated. Therefore, signal re-timing may be a good and a cheap measure 
for decreasing overall intersection delay and improving the intersection LOS. In the same time, the 
saturation data clearly shows that a second lane for left-turning and through traffic from the eastern 
off-ramp has to be provided. 
 The western part of the intersection was analyzed next. The feature HCS2000 Unsignal was 
used for this purpose. The performed analysis and results are shown in Appendix E. The major 
direction was determined to be the east-west direction, since the stop currently existing stop sign is 
giving right of way to the vehicles travelling on Vernon Street. The geometry of the intersection was 
determined from two sources: observations made at the intersection and a drawing of the 
intersection provided by James Kempton, Assistant Traffic Engineer in the Department of Public 
40 
 
Works and Parks at the City of Worcester. The median type for the major road was assumed to be 
undivided since no curbing or other means are currently separating traffic moving in different 
directions on Vernon Street. The traffic volume and turning movement values determined previously 
during the LOS analysis of the eastern part of the intersection were used. The Peak Hour Factor (PHF) 
and percent of heavy vehicles were then determined from these values. Then, the required 
information on approach grade was determined through the use of Google Maps. 
 The next group of required input data was Critical Gap and Follow-Up Time. No modifications 
were done to the default values provided in this section. The reason for this is the fact that the use of 
the HCS 2000 Unsignal feature was not accounted for during the data gathering phase of this project. 
Thus, no data on critical gaps and follow-up times was collected. 
  Data on current pedestrian volumes and facilities was then fed into the program. The 
pedestrian volume was computed from the turning movement data for the peak outflow hour. The 
physical characteristics of pedestrian crosswalks were determined from Google Earth. A walking speed 
of 3 feet per second was assumed.   
  The last required input included data on upstream signals. While the data for the eastern part 
of the project intersection was easily obtained, the data for Kelley required further assumptions about 
the model presenting Kelley Square as a signalized intersection. The additional data required was 
progression speed, distance of the hypothetical signal at Kelley Square from the western part of the 
project intersection from the western, as well as effective green time. By field observation, the 
progression speed at the afternoon peak hour was assumed to be 15 miles per hour. The hypothetical 
signal was assumed to be at the place where Millbury Street merges with Kelley Square, giving a 
distance of 160 feet to the western part of the project intersection. The reason for this fact is that the 
northbound traffic from Millbury Street requires the vehicle travelling from Kelley Square to the 
project intersection to stop. Also, this is the nearest place where these vehicles stop before reaching 
the western part of the non-signalized intersection. Thus, the distance between the two intersections 
is conservatively minimized so that worst-case conditions can be approximated. The effective green 
time was assumed to be 13 seconds, giving the start-up lost time a reasonable value of two seconds. 
The cycle length was determined to be 20 seconds, as previously assumed.  Progressed volumes were 
then assumed to be the same as the volumes at the western part of the project intersection since no 
intersections between Kelley Square/Millbury Street and the project intersection exist. The default 
value for Saturation Flow Rate per lane was kept. Finally, the Arrival Type was specified to be 2, as 
already assumed during the LOS analysis for the eastern part of the project intersection.  
These input data produced the results shown in the table below. 
 
 WB SB Left SB Right SB Total 
Delay in seconds 10.1 - - - 
LOS B F F F 
Table 7: LOS unsignalized 
 As obvious from the above data, the western part of the project intersection is also failing. It 
can be noticed that while the westbound approach is performing very well, the southbound 
approaches are performing very poorly. Thus, it is obvious that if the re-design of this part is focused 
mainly on installation of traffic signals and determination of phase sequence and durations, the 
performance of the southbound approach will be improved but the delay at the westbound approach 
will be increased. It can be concluded that an intersection re-design that is primarily focused on delay 
reduction through signal timing changes will lead to increased delay at the western approach of both 
parts of the project intersection. 
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In conclusion, it can be reasonably stated that the overall current LOS of the whole 
intersection is F. If the western part of the intersection was a signalized intersection, the HCS 2000 
Arterials feature could have been used for a better evaluation of the overall LOS of the intersection. 
However, the western part is currently a well-defined non-signalized intersection with the east/west 
direction being the major direction.    
5.2 Crash Data Analysis: 
The crash data that was obtained and used for this project was provided by the Massachusetts 
Highway Department and consisted of descriptions of all accidents that took place in Worcester, MA 
in the time period 1998-2007.51 From these data, the crashes that took place at the project 
intersection were determined, counted, and classified. Two basic criteria were used for classification: 
1) Time of occurrence of accidents 
2) Type of accidents 
 It is obvious from these diagrams that the number of crashes decreased significantly from year 2001 
on. This may have occurred due to implementation of certain measures for crash reduction at the 
project intersection. No such measures were found in the currently existing studies that provide data 
about the intersection, though.  
 
Certain trends were revealed when crash data was classified by the two basic criteria. They are 
discussed below. 
5.2.1 Time of Occurrence of Accidents 
As it can be seen from the table below (based on Appendix M), a total of 275 crashes occurred 
in the period 1998-2007 and 57 of them occurred in the period 2005-2007. 
 1999-2007 2005-2007 
Total Number of Crashes 275 57 
Crashes on Monday 30 1 
Crashes on Tuesday 49 10 
Crashes on Wednesday 54 11 
Crashes on Thursday 40 10 
Crashes on Friday 51 14 
Crashes on Saturday 37 9 
Crashes on Sunday 14 2 
Table 8: Crash Data for the Project Intersection. 
As it can be seen from Table 8, the most accident prone week days are Wednesday and Friday, 
with the values for Tuesday, Thursday, and Saturday closely behind those for Wednesday and Friday. 
While the values for the regular working days were expected to be high, the value for Saturday was 
found to be very high for a weekend value and close to the values for working days.  
The data for the five most accident-prone days was further analyzed for better understanding of 
the reasons for the observed crash data. Crashes during each of these days were divided in 4 
categories: 
1. Crashes that occurred approximately during the morning peak hour (6 AM – 10 AM). 
2. Crashes that occurred between the morning and the afternoon peak hours (10 AM – 2 PM). 
3. Crashes that occurred approximately during the afternoon peak hour (2 PM – 6 PM). 
                                                
51
 (MassHighway, 2009) 
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4. Crashes that occurred after the afternoon peak hour (6 PM – 6 AM) 
The obtained results are shown in the table below.     
 6:00 AM – 10:00 
AM 
10:01 AM – 1:59 
PM 
2:00 PM – 6:00 PM 6:01 PM – 5:59 
AM 
Tuesday 15 10 13 11 
Wednesday 21 10 15 8 
Thursday 8 12 18 2 
Friday 14 8 19 10 
Saturday 3 10 10 14 
     
Total 61 50 75 45 
Table 9:Crashes for Tuesday to Saturday during the Period 1998-2007 
As obvious from table 9, crashes at the project intersection occurred mostly during the 
morning peak hours and the afternoon peak hours. The only exceptions to this trend are Saturday 
crashes which occurred on evenings and nights. These trends combined with the high traffic volumes 
that were measured during peak hours and the current intersection LOS which was determined to be 
F show that the main reason for the crashes at the intersection may be the current flow problems at 
the intersection: the slow progression of flow due to excessive traffic delay during peak hours has 
negative emotional impact on the drivers and urges them to drive fast or make turns when the time 
gap is not big enough for safe turns. 
5.2.2 Types of Accidents 
This criterion is important because it shows the mistakes that lead to accidents as well as the 
deficiencies of the currently implemented traffic organization. Thus, those features of the intersection 
that are deemed to be the main reason for crashes can be determined and changed during 
intersection re-design. 
In this project, the crash data for the accidents during the period 2005-2007 was used for 
determination of the main types of accidents. The reason for this choice was the belief that traffic 
through the intersection before 2005 may not have been the same as the current traffic in terms of 
number of entering vehicles and turning movement volumes. Thus, wrong correlations between the 
types of crashes and the corresponding traffic flows in the directions in which the vehicles that 
collided were moving would be made if no adjustments for volumes of entering traffic were made. 
Such adjustments were not possible because no traffic data for the project intersection for the period 
1998-2007 were found. For this reason, only the accidents that happened during the period 2005-
2007 were considered. It was assumed that this period is sufficiently small so that the volumes of 
entering vehicles and the turning movement volumes were constant during this 3-year period. Thus, 
no need to calculate crashes per million entering vehicle (PMEV) arose since the annual entering 
volumes were equal for the considered 3-year. 
As obvious from the collision diagrams in Appendix M, five main types of crashes occurred at the 
project intersection during the period 2005-2007: 
1) Angle Collision: Vehicle 1 was travelling westbound from the bridge while Vehicle 2 was taking 
a left turn from the bridge towards the western on-ramp. 
 
This type of collision happened during each of the three years of the considered period. A total 
of eight such collisions occurred during 2005-2007. While crash reports do not provide 
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sufficient information on how exactly this collision occurred, it may have happened because of 
left turns taken from the rightmost westbound lane or because of actual rear-end collision that 
was described as an angle crash. In the first case, the current absence of visible road painting 
on the bridge pavement may deceived the left-turning driver that turning left from the 
rightmost westbound lane was permitted. This problem can be solved if durable painting is 
applied to the road. In the second case, excessive speed presumably combined with sudden 
stop of the front vehicle may have lead to a rear-end crash. In this case, improved traffic flow 
during peak hours and increased yellow time for the westbound vehicles may be a good 
solution. 
 
2) Angle Collision: Vehicle 1 was traveling eastbound from Kelley Square while Vehicle 2 was 
taking a left turn from the bridge towards the western on-ramp. 
This type of collision happened during each of the three years of the considered period. A total 
of five such collisions occurred during 2005-2007. This type of crash most probably happened 
due to insufficient critical gap length for vehicles taking a left turn from the bridge towards the 
western on-ramp. This type of collisions can be reduced if a traffic light is installed at the 
western part of the project intersection. This is one of the reasons why the proposed new 
design alternatives include a traffic light at this part of the intersection (see Chapter 6 for 
details). 
 
3) Angle Collision: Vehicle 1 was travelling westbound from the western off-ramp while vehicle 2 
was travelling westbound from the bridge.  
 
This type of collision occurred in 2005 and 2007. A total of four collisions of this type occurred. 
It is similar to the collision described in Point 2) because the main reason for it is also an 
insufficient critical gap length. Like the crashes described in Point 2), these collisions can also 
be reduced if traffic light is installed in the western part of the project intersection. Therefore, 
crashes of this type are also considered when Traffic Signaling Warrant 7 is evaluated (see 
Warrant Analysis below). 
 
4)  Rear-End Collision: Vehicle 1 and Vehicle 2 were travelling eastbound from Kelley Square. 
This type of collision occurred in 2006 and 2007 for a total of four times. Like the crash type 
described in Point 1), this group of crashes most probably occurred due to excessive speed of a 
vehicle and sudden stop of the front vehicle. It is probably caused by insufficient length of the 
yellow signal for the vehicles that are travelling westbound. 
 
5) Angle Collisions: Vehicle 1 was travelling westbound from Vernon Street while Vehicle 2 was 
travelling westbound from Jefferson Street. 
 
This type of crashes occurred four times in 2005 and did not occur any more. It is not an 
expected type of collision because Jefferson Street is a one-way street and travelling 
eastbound from Jefferson Street is prohibited. The most probable reason for this type of crash 
is the fact it is unexpected: the drivers on Vernon Street who know the intersection do not 
expect cars coming from Jefferson Street. Also, the vehicles travelling on Jefferson Street, 
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which is a street with positive four-degree slope, probably were moving fast and could not 
stop at the intersection with Vernon Street. This type of crash as well as other reasons lead to  
proposed design alternatives which include placement of cul-de-sacs at the intersection of 
Vernon Street and Jefferson Street so that no cars can enter on Vernon Street from Jefferson 
Street and vice versa. 
 
In conclusion, the crash analysis at the project intersection showed that the most accident 
prone days are Friday, Wednesday, and Tuesday and the most accident prone times are the morning 
peak hour and the afternoon peak hour. The most common types of accidents are those ones when: 
1) colliding vehicle 1 is travelling to the west from the bridge while colliding vehicle 2 is taking a left 
turn from the bridge to the western on-ramp 2) colliding vehicle 1 is travelling to the east from Kelley 
Square while colliding vehicle 2 is taking a left turn from the bridge to the western on-ramp 3) both 
colliding vehicles are travelling to the east from Kelley Square and rear-end collision occurs 4) colliding 
vehicle 1 is travelling to the west from the western off-ramp while colliding vehicle 2 is travelling to 
the west from the bridge 5) colliding vehicle 1 is travelling to the west from Vernon Street while 
colliding vehicle 2 is travelling to the west from Jefferson Street. Four of these types of collisions are 
angle-type while one is rear-end. The measures for reducing these crashes that were considered in 
this project were: increasing the yellow time for the vehicles travelling westbound from Vernon 
Street; closing the intersection of Jefferson Street and Vernon Street with cul-de-sacs; and placement 
of traffic signals at the western part of the project intersection.     
5.3 Traffic Signal Warrant Analysis 
In this project, one of the measures for improving the flow through and the Level of Service 
(LOS) of the project intersection that was considered during intersection re-design was installation of 
traffic signals at the intersection of Kelley Square/ Vernon Street and the Western On-
Ramp/Western/Off-ramp. This is the western part of the project intersection which currently operates 
as a non-signalized intersection controlled by stop signs. The Manual on Uniform Traffic Control 
Devices (MUTCD), an acknowledged U.S. standard on traffic control devices, states that installation of 
a traffic signal at a signalized intersection may be justified if at least one of eight conditions that are 
described in the manual with the term “warrants” are satisfied. It should be noted that the manual 
also requires the re-evaluation of these warrants after the traffic signal is installed so that it can be 
determined whether the use of signal is still warranted at this intersection. Due to the limited time 
and scope of this project, this procedure was not planned to be performed as part of the project. 
Instead, only the current need of a traffic signal at the western part of the project intersection was 
evaluated. The unadjusted data obtained from ATR counts and turning movement counts that were 
conducted as part of this project was used in evaluation of the eight warranties. Also, it should be 
noted that the speed of the major street traffic was determined through observation to be less than 
70 miles per hour and the intersection was considered not to be an intersection in a built-up area of 
an isolated community of population of less than 10,000 people. Thus, the values stated in the 
warrant form for 100% volume level were used in warrant evaluation.  The completed warrant form is 
shown in Appendix G. The results are presented and discussed below. It should be pointed out that in 
this presentation, the phrase “considered intersection” along with the word “intersection” are used to 
indicate the western part of the project intersection, while the whole project intersection is indicated 
by the phrase “project intersection“. 
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5.3.1 Warrant 1: Satisfied 
Warrant One requires that traffic on both approaches of the major street and the highest-
volume approach on the minor street during the eight highest-volumes hours exceeds certain 
stipulated values. It has two conditions and at least one of them should be satisfied for the warrant to 
be satisfied. Since the Level of Service (LOS) analysis performed as part of this study showed that the 
delay at the western off-ramp is excessive and its LOS is F, it was determined that the Condition 
applying to the project intersection is Condition B. Also, since the intersection of consideration has 
two lanes on the approaches on the major street (Kelley Square/Vernon Street) and two lanes for the 
southbound approach, the values needed for 100% satisfaction of this warrant for the project 
intersection are 900 vehicles per hour entering the intersection through both approaches on the 
major street and 100 vehicles per hour entering the intersection through the southbound approach 
(the western off-ramp) on the minor street. 
Appendix G shows the calculations performed for evaluation of this warrant. It should be 
mentioned here that the traffic data used in determination of the vehicles entering the intersection 
through approaches on the major street was not sufficient to calculate the total number of entering 
vehicles. Two reasons lead to this fact: 
1) No data for the vehicles entering the intersection from the bridge 
No ATRs were placed at this location. Thus, no exact data about the volume of this traffic could 
be made without first making certain assumptions about the amount and direction of turning 
movements that took place in the eastern part of the project intersection during the eight 
highest-volume hours specified in Warrant One. For this reason, no assumptions were initially 
made: it was decided that if the volume of vehicles entering from Kelley Square only was not 
high enough to satisfy Warrant One requirements, assumptions would be made and the 
contribution to traffic flow of the vehicles entering from the bridge would be evaluated. 
2) No data for vehicles entering the intersection from Kelley Square during the weekend and 
during certain hours on Monday and Friday. 
As already mentioned, the traffic data obtained from the ATR equipment installed at the 
intersection of Kelley Square and Vernon Street was incomplete due to damages caused to the 
equipment. For this reason, data used for determination of the eight highest hours was 
confined to data for the vehicles entering the intersection from Kelley Square between 12 PM 
on Monday and 4 AM on Friday.    
With the above restrictions in mind, it should be acknowledged that the values determined for the 
eight highest-volume hours for the intersection were below the actual values. However, even the 
values computed clearly showed that Warrant One is satisfied. These values are summarized below. 
 
Eight Highest Volumes Eight Highest-Volume 
Hours 
Volume on Major Street Volume on Minor Street 
2272 10/20/09: 6 AM -7 AM 1829 443 
2216 10/19/09: 2PM - 3PM 1728 488 
2202 10/22/09: 1 PM - 2 PM 1700 502 
2144 10/21/09: 2 PM - 3 PM 1658 486 
46 
 
2079 10/22/09: 7 AM - 8 AM 1648 431 
2078 10/22/09: 3 PM - 4 PM 1737 341 
2075 10/21/09: 1 PM - 2 PM 1602 473 
2072 10/22/09: 2 PM - 3 PM 1589 483 
Table 10: The Eight Highest-Volume Hours Computed for Evaluation of Warrant One 
As is obvious from this table, the traffic volumes on the major street are approximately two times 
higher than the stipulated minimum values, while the volumes on the minor street are three to five 
times higher that the stipulated minimum. Thus, Warrant One is satisfied and installation of traffic 
signals at the western part of the project intersection can be considered as an option during 
intersection re-design procedures. 
5.3.2 Warrant 2: Satisfied, Although Not Applicable 
Warrant 2 requires that the four highest-volume traffic values for the intersection are above 
the appropriate curves on the plot of major street traffic volume versus minor street traffic volume. 
This graph is shown in the warrant form in Appendix G. This warrant may be considered to be not 
applicable to the considered intersection since it should be applied when delays are not excessive. 
Nevertheless, this warrant was also evaluated. The four-highest hourly volumes, which were 
determined already during Warrant One evaluation, were plotted on the plot of minor street traffic 
versus major street traffic (Figure 4C-1). Although the plotted points were outside the graph, it was 
clearly shown that all of them are above the appropriate curve, which in this case was the one for two 
or more lanes and two or more lanes. Thus, it was shown that the warrant would be satisfied 100 % 
satisfied if it was applicable. 
5.3.3 Warrant 3: Not Applicable 
Warrant Three is applicable when a facility or other factor causes attraction or discharge of a 
large number of vehicles over a short period of time. Thus, the traffic at the intersection is not 
constant: it is significantly higher during a certain time than during other day times. Since the area in 
which the project intersection is located is a residential, non-Central Business District (CBD) area with 
a small number of high resident buildings and no industrial complexes in it, it was determined that no 
attraction or discharge of large number of vehicles over a short period of time is likely to occur. Thus, 
the warrant was determined to be non-applicable to the considered intersection. 
5.3.4 Warrant 4: Not Satisfied 
Warrant Four allows for installation of traffic signal when the non-signalized intersection is 
used by a high number of pedestrians. Thus, it justifies the installation of traffic signal for facilitation 
of pedestrian flow. 
At the considered intersection, data about pedestrian volumes was insufficient. No data about 
pedestrian traffic was found in other sources. The only pedestrian data was gathered during the 
turning movement counts. From this data (see Appendix G), it can be seen that pedestrian volume is 
low, with the highest hourly value being 26 pedestrians per hour. Thus, neither the warrant 
requirement for 190 pedestrians per hour nor the warrant requirement for 100 pedestrians during 
any four hours can be reasonably considered to be satisfied; however, it should be noted that the 
requirement for the number of hourly gaps (less than 60) was satisfied given the current traffic signal 
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sequence in the eastern part of the project intersection and the effect that the traffic signal in the 
eastern part of the project intersection has on the traffic flow in the western part of the intersection. 
Thus, this warrant was not satisfied. 
5.3.5 Warrant 5: Not Satisfied 
This warrant states that when certain requirements on number of students crossing the 
intersection, gaps in the major street traffic stream, and nearest traffic signal are met, the use of 
traffic signal at the intersection is justified. It practically allows the use of traffic signal to facilitate 
students crossing the street. 
 According to the web site Local School Directory, there are three schools in the area where the 
project intersection is located: Worcester Academy, St Mary Elementary School, and Union Hill 
School. Therefore, the possibility of large number of students crossing the project intersection should 
be evaluated.  
 From the pedestrian data obtained, it can be assumed that the number of students crossing is 
less than the specified minimum of 20 students. This assumption is supported by the following 
observations: 
1) During the turning volume counts performed as part of this project, it was observed that the 
students are a small percent of all crossing pedestrians during the peak traffic hours (7 AM to 9 
AM and 4 PM to 6 PM). 
2)  During the installation of ATRs for traffic volumes count which happened on a regular school 
day (Monday), it was observed that the number of students crossing between 11 AM and 2 PM 
is negligibly low and is certainly below 20. 
 From these observations and the obtained pedestrian data, it can be reasonably concluded 
that this warrant is not satisfied for the considered intersection. 
5.3.6 Warrant 6: Not Applicable 
Warrant Six is used for evaluation of the currently existing upstream traffic signals which may 
be in all four directions from the considered non-signalized intersection. It evaluates the proposed 
signal and the currently existing signals as one whole signal system which should be well coordinated 
so that traffic flow is not improperly restricted. This warrant is applicable when the considered new 
traffic signal will not lead to signal spacing of less than 1,000 feet. Since the eastern part of the project 
intersection was determined to be less than 300 feet away from the western part, this warrant was 
found not to be applicable. 
5.3.7 Warrant 7: Cannot be evaluated due to lack of relevant data 
Warrant Seven allows for justification of traffic signal installation for the purpose of crash 
reduction. It requires the satisfaction of either Warrant 1 or Warrant 4. In addition, it also requires 
that a certain minimum number of crashes that can be prevented or reduced by installation of the 
proposed traffic signal occurred during a 12-month period. Finally, this warrant justifies the 
installation of a traffic signal only if other adequate measures were employed to reduce crash 
numbers but proved to be unsuccessful. 
 As already shown, Warrant One is 100 % satisfied at the project intersection. From the collision 
diagrams (see Appendix G), it was also determined that the 12-month period requirement is satisfied 
for both 2006 and 2007. Five crashes during each of the two years could be prevented if the 
considered signal was installed at that time. However, no data about previously employed crash 
reduction measures at and previous traffic flow through the intersection were found. At the same 
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time, the obtained crash data clearly shows the annual number of crashes at the project intersection, 
including its western part, decreased sharply from 2001 on. This may be due to the application of a 
unknown crash reduction measure or sharp decrease in traffic volumes. So, no conclusions about 
previously employed measures and their success can be made. 
5.3.8 Warrant 8: Satisfied 
Warrant Eight justifies the installation of traffic signals if the traffic volume through the 
considered intersection is sufficiently high and if the streets crossing at the intersection are major 
routes, parts of highways, or principal roads for through traffic. 
 From observation of the results obtained during the evaluation of Warrant 1 (see Table 3), it 
can be seen that the entering volumes for the considered intersection for the peak hours on Monday 
(10/19/09) through Thursday (10/22/09) are above the minimum of 1,000 vehicles per hour which is 
required by Warrant 8. However, due to unavailability of data on entering volumes on weekends, the 
requirement for entering volume of at least 1,000 vehicles per hour for any five hours on non-working 
days could not be satisfied. A procedure for computing the volume of vehicles entering the considered 
intersection from the bridge plus the vehicles entering the project intersection from the western off-
ramp minus the vehicles entering the intersection from Kelley Square and going straight was used (see 
Appendix G). It would supposedly produce entering traffic values which are less than the numbers of 
actual entering vehicles. If the numbers produced through this procedure were more than 1,000, the 
actual traffic would also be more than 1,000 thus satisfying the weekend requirement. However, the 
highest traffic value produced was 570, so the procedure failed to produce satisfactory values. 
  Regarding the requirement for five-year projected volumes, it should be acknowledged that 
no data on estimated future traffic volumes was found. However, the following observations were 
made: 
1) The current entering volume satisfies Warrant One and is more than two times the minimum 
required entering volumes specified in Warrant One description (see Appendix G).  
2) If the entering volume decreases by more than 50 % in four years so that Warrant One may 
not met.  
3) The possibility of traffic volumes decreasing by more than 50 % in only five years is relatively 
small. 
Thus, although no data on projected five-year traffic volumes is available, it can be reasonably 
concluded that the five-year traffic-volume requirement will be met.When the characteristics of the 
intersecting roads are considered, it can be easily seen from the Road Inventory Map prepared by 
Massachusetts Highway Department52 that Madison Street (a street that approaches the intersection 
but merges at Kelley Square and is assumed to be the street carrying most of the traffic passing 
through the considered intersection) and the two ramps (the on-ramp and the off-ramp) at the 
western part of the intersection are functionally classified as urban major arterials so that they can be 
assumed to be major routes. Although Vernon Street is indicated as urban minor arterial on this map, 
it appears as state highway on the official zoning map of the City of Worcester. Thus, it can also be 
considered to be a major road. Therefore, all streets carrying the bulk of the through traffic of the 
considered intersection are considered major routes on state and city official plans and meet the 
characteristics requirement imposed by Warrant Eight.Thus, Warrant Eight can be considered to be 
satisfied because three requirements are satisfied: the requirement for minimum entering vehicles 
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during typical week day peak hours, the requirement for five-year projected volumes which satisfy 
Warrant 1, and the requirement for meeting certain road characteristics. 
In conclusion, the planned traffic signal installation is satisfied because three of the eight 
warranties are satisfied: Warrants one,  two, and eight. Four warrants were determined not to be 
satisfied or applicable: Warrants three, four, five and six. Sufficient data for evaluation of Warrant 
seven was not available although the data available shows that certain requirements imposed by this 
warrant are met.     
5.3.9 Issues That Affect Re-Design 
 As shown during the analysis of data, there are certain issues that need to be considered 
during design. These are: 
1) High occurrence of rear-end crashes. 
As already shown, rear end-crashes between vehicles traveling westbound from the bridge 
and eastbound from Kelley Square are among the most frequent crashes for the last few years 
at the project intersection. This issue needs to be considered and measures for reducing rear-
end crashes between need to be considered. 
2) High crash rates, high traffic volumes, and significant delays at the western part of the 
intersection. 
Although these three issues seem to be independent, they are all united by the fact that the 
western part of the intersection where they occur is not signalized with traffic signals. Usage of 
traffic signals there was already justified during the traffic signaling warrant analysis and 
should be seriously considered as an option during re-design. 
3) Slightly Oversaturated Eastern Off-ramp.  
As already shown, the degree of saturation for the left-turn and through lane on this off-ramp 
is 1.03. It should also be noted that one of the city streets, Ward Street is merging into the off-
ramp shortly before the project intersection. Most northbound traffic entering from the off-
ramp may be assumed to consist of vehicles coming from Ward Street. Therefore, either 
provision of an additional lane for left-turning and through traffic or preventing vehicles on 
Ward Street to enter the off-ramp should be considered during re-design to avoid 
oversaturation. 
4) Inverse relationship between the LOS of the westbound approach at the eastern part of the 
intersection and the LOS of the other approaches at this part. 
As already shown, all approaches to the eastern part of the intersection except for the 
westbound one are failing to provide vehicle passage through the intersection without 
excessive delay. This fact combined with the observed inverse relationship between the 
computed LOS at these approaches and the LOS for the westbound one should be seriously 
during re-design. 
5) Traffic on Jefferson Street and Difficulties in designing a five-leg intersection. 
As already shown, prohibited westbound traffic on Jefferson Street was the reason for one of 
the most frequent crash types at the intersection. Also, as obvious from ATR data, allowed 
traffic on Jefferson Street is not significant when compared to traffic on Vernon Street, eastern 
part of Kelley Square, and the -290 on- and off-ramps. At the same time, Jefferson Street 
makes the eastern part of the intersection a five-leg intersection which is difficult for analysis 
and re-design. Therefore, closing the intersection of Vernon Street and Jefferson Street with 
cul-de-sacs should be seriously considered during re-design.      
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 Besides those issues, there are several other which were not discussed so far but may affect 
re-design. These are: 
1) Kelley Square 
One of the most complex squares in the City of Worcester, Kelley Square, imposes significant 
on analysis and design procedures for all streets and intersections which are in close proximity 
to it. As already determined during the project background examination, Kelley Square is a 
seven-leg intersection with LOS of F. It is only 160 feet west from the project intersection so its 
impact cannot be neglected. The most important issues that should be considered during re-
design are the oversaturated conditions at this place and the presence of two multi-story 
buildings just to the west of the project intersection which impose limits on possible expansion 
of the lane widths there. 
2) The bridge 
As already determined, the bridge structure is a 20-year old structure which may need 
modifications and expansion so that lane widths can be increased, new lanes or pedestrian 
areas can be added, required minimum turning radii of the vehicles making turns at the 
intersection can be increased, and the needs of future traffic through the intersection can be 
satisfied. 
3) Traffic lights and poles 
Future expansion of the traffic lanes in the vicinity of the intersection may lead to 
displacement of currently existing traffic lights and poles. This may lead to construction 
problems as well as temporary usage of alternative routes at least during relocation of traffic 
lights. 
4) Parking bans and Vernon Street residents 
As obvious from the LOS analysis for the eastern part of the intersection (see Appendix C), the 
storage bay for the through lane of the westbound approach is over 1,000 feet while the 
storage bay for the right-turn lane is less than 200 feet. The reason for this is the observed fact 
that people living on Vernon Street in proximity of the project intersections tend to park their 
cars on the right-turn lane. While a parking ban may solve this issue, such a restrictive policy 
may not be well accepted by the local community. This issue should be explored during re-
design. 
5.4 Traffic Trends 
 After analyzing different traffic data from both the state website for traffic on I-290 North of 
Hope Street53 as well as the overall United States traffic growth54 we have determined that the 
current traffic growth in the years between 1998 and 2007 has declined 0.51%/year on I-290 and 
increased 1.54%/year country wide.  While the current growth for traffic in the US since 1970 has 
averaged 2.58%/year.  This could mean that traffic growth is currently experiencing a slight slowdown 
and will pick up later and for analysis sake we are going to use 2% growth/year to determine the 20 
year build analysis.  Although this number could show growth beyond expectations it will be useful in 
the unexpected growth or use of the intersection in the future and what it could possibly take given 
the different alternatives. 
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Chapter 6: Design Alternatives 
 
There are many options for redesigning the intersection and they are listed below.  The options are 
everything from low cost signal re-timings to a high-cost complete redesign of the intersection.  
Necessary additions to the intersection that apply to all alternatives include concrete stain on the 
roadway to ensure proper markings.55  Also the painting of lanes starting at the intersection of 
Millbury Street as well as turn signs will help line up cars with the lanes on the bridge. 
 
Alternative 1 
 A simple retiming of the intersection using current traffic data is the simplest of our design 
alternatives.  This is the lowest cost considering it would only require a Worcester employee to go and 
adjust the current timing.  Considering this signal acts alone, this would be very easy to do and cost 
the city of Worcester effectively nothing.  The evaluation of the increase in Level of Service for this 
was done using HCS 2000 Signals.  After using the Estimation/Optimization feature of the software, 
the Level of Service did not change from a grade F intersection.  However, the delay decreased by 
over 300 seconds to 114.2 seconds/vehicle.  This is a very viable alternative and one that should be 
considered because although it does not fix the intersection completely it would greatly improve it.  
The new Level of Service can be seen in the Table20. 
 
 
Alternative 2 
 There are many elements of this intersection that when added together cause it to be much 
less efficient.  Considering the difficulties with tractor trailer trucks making left turns onto I-290 WB 
from Vernon Street and making any turns out of the I-290 EB off ramp, one alternative would be to 
not allow trucks during weekday peak hours (6:30AM-9PM and 4PM-6:30PM).  This would cut down 
on the slow turns that were made by the trucks and help speed up the intersection.  This would also 
eliminate the trucks that are getting off of I-290 EB to get back on I-290 WB (i.e., an I-290 U-turn 
movement).  This truck movement may be caused by the removal of the former I-290 on ramp at the 
146 intersection when the I-290/146 intersection was completed.  These turning movements are 
detrimental and slow down the intersection and they must be eliminated.  This could be implemented 
by the installation of signs on both I-290 EB and Vernon Street WB limiting trucks on the ramp and 
making the turn off of Vernon Street to 30 feet.  This would allow smaller trucks, such as box trucks 
and landscape trucks, to make the turn but disallow 18 wheelers.  If parking was banned on Vernon 
Street between Jefferson and Dorchester Street during peak hours this would increase the available 
queue length from 120 feet to 1500 feet and this could be painted to be the right turning lane starting 
back much further.  This would lower the length of the queue from where it currently is during peak 
hours which is over 1000 ft. from the intersection and thus minimizing the effects of the traffic on the 
surrounding neighborhood.  The residents in this area during these times would have to park on either 
nearby streets or find off street parking.  One additional option would be to dead end Jefferson Street 
and make it a cul-de-sac.  Right on reds would then be possible when safe and this could help 
distribute traffic from Vernon Street westbound when possible.  The addition of painted boxed lines in 
the western part of the intersection in order to create an area for car’s to take a left unrestricted 
when traffic is stopped.  Signage should be placed around painted box to ensure motorists do not 
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block intersection.  The stop line on the I-290 WB off ramp should be moved back 5 feet to ensure 
drivers taking a right on the off ramp can do so with a clear view of traffic.  The implementation of all 
of these elements will greatly help the Level of Service at the intersection.  The new Level of Service 
can be seen in the Table 20 
 
Analysis and Design 
 
 Some of the major changes that were examined in HCS 2000 were the extension of the Vernon 
Street westbound right turn lane and some simple phase changes.  The new phases can be seen here 
in the figure in Appendix C. 
 The longer right turn lane on Vernon Street westbound would require signs to be put up to 
limit parking between 6:30AM-9PM and 4PM-6:30PM weekly.  A dashed line would also have to be 
painted as well as signage put up to indicate the upcoming right turn lane.  This lane should be a tow 
zone to ensure that no cars will remain there during rush hour.  The stop line being moved forward on 
the I-290 WB off ramp left turn lane will help ensure a safer right turn for those that are attempting to 
take a right.  The painted box should be done with a square box around the area with hatch marks 
through the middle of it.  Proper signage should be placed to note the change for the intersection. 
 Limiting truck traffic will play an important role in improving the LOS for the bridge because 
complicated slow truck maneuvers will now be avoided when traffic is heavy.  This will cause trucks to 
take different exits but if the truck is coming from I-90 than Southbridge Street is a perfectly viable 
alternative to exit 13 and it is already built to be able to support large vehicles due to the intermodal 
center.  Signage should be placed before the College Square Exit (Exit 11) to let truckers know about 
the new changes and change their routes accordingly.  On Vernon Street, signage can be placed 
directly before the intersection to notify truckers. 
 Dead ending Jefferson Street will allow cars to take right on reds from Vernon Street onto the 
I-290 EB on ramp.  In order to dead end it a curb should be placed on the Jefferson Street side and on 
the Vernon Street side with grass, plants or rocks in between.  A guardrail might also be necessary to 
protect drivers on Jefferson Street considering it is a steep road and this would lead motorists directly 
into a busy intersection.  The local residents may either welcome the lower traffic that this will cause 
or they might disagree with it based on limited access to their neighborhood. 
 Although it is difficult to analyze how this will help the unsignalized intersection given that 
there is no way to determine the lower delay on turns without more complicated traffic modeling 
software, the intersection delay time for the signalized intersection decreased over 100 
seconds/vehicle to 100 sec/vehicle.  The delay is 96.3 sec/veh and more can be seen in Table 20.  The 
cost of this would be relatively low.  The most expensive single part of this alternative is the dead 
ending of Jefferson Street.  Outside of this the major expenses involve painting and signage which is a 
relatively minimal expense. 
 
 
Alternative 3 
 
 Since this intersection is in such a tight area and it actually is composed of two separate high 
traffic intersections it becomes very difficult to redesign inexpensively.  One of the designs that we 
chose to explore was a Single Point Urban Interchange.  Among the benefits to a SPUI are that it can 
handle a much larger amount of traffic while not expanding much bigger than the current 
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intersection.  This leads to lower right of way requirements and improved safety.56  One of the other 
benefits of the SPUI is that it can be molded to fit whatever types of constraints are present in the 
current intersection.  Some disadvantages are the high construction cost as well as the large conflict 
area which makes snow removal even more difficult.  Careful care must also be given to pedestrians in 
this intersection but instead of activated pedestrian crossing, the pedestrians walk symbol would be 
included in the phases.  Even with the disadvantages, the potential for dramatically improving the 
traffic flow through the intersection made this alternative an important option.  At our intersection, 
land would have to be taken in the areas shown on Appendix H and the bridge would have to be 
widened to accommodate the new turning lanes.  Also, Jefferson Street would need to be closed and 
turned into a cul-de-sac in order for this design to work.  The other requirement would be the removal 
of parking on Vernon Street during certain hours as noted in section 5.3.9. 
 
Analysis and Design 
 In order to determine the level of service the entire flow into the intersection was analyzed at 
once using HCS 2000.  The phases were crucial to the correct timing and determining the level of 
service since this is much different from the current intersection.  After trying different timing, turns 
and phases the Level of Service was found to be a B.  This is a significant improvement from an F in 
both the existing and low-cost other alternatives.  In the diagram in Appendix C the particular phases 
and timing for the SPUI can be seen. The intersection delay was determined to be 19.3 
seconds/vehicle, which is down over 75 seconds from the previous alternative.  This gives the 
intersection a B grade for level of service.  The major reason for this huge decrease in delay has to do 
with both the creation of two true left turn lanes from the I-290 EB off ramp and also the need for 
only three phases to move the cars from each approach.  The cycle length was determined to be 76.2 
seconds after the optimization was run by HCS 2000.  Other important things to note are that 
pedestrian movement is not considered in this intersection design but considering the low volume of 
pedestrians as well as the frequent stopped cars they should be able to go through the intersection 
with limited trouble.  The only lane that will get delayed by the pedestrians is the right turns from the 
off ramps but considering these ramps would have a delay/vehicle less than 1 second the addition of 
pedestrians should not heavily impact their flow.  In Table 20 it is shown that the Level of Service 
improved across the board with the only major delays on the EB and WB off ramp left turns.  These 
delays are expected because of the heavy use and although it is less than optimal to have a delay like 
this it would be impossible to lower this delay without even higher construction costs.  The cost of this 
bridge could be prohibitively expensive but with annual growth in traffic trends of 2% (see section 
23.2 on Traffic Trends) the 20 year build analysis yields the intersection having a delay of 26.1 
seconds/vehicle and a Level of Service of C.  Now this was done by using a larger growth rate than 
Worcester has currently been experiencing and it still yields an acceptable Level of Service. 
Design of Bridge Geometry 
 In order to create a safe free flowing SPUI, the Texas SPUI paper 57 and the Transportation 
Research Board Single Point Urban Interchange Report58 were consulted.  The Texas paper goes into 
detail of the calculations necessary to determine the radius and clearance time needed to clear the 
intersection.  The calculations for this design can be seen in Appendix A and B.  Considering that 
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different radiuses are used because of the specific constraints of the intersection each side of the 
bridge was determined separately in order to find the longest clearance time.  Many values were 
assumed based on recommendations from the Texas Paper such as Nose Radius, Median Width and 
Center Clearance.59  After determining all values such as design speed and stopping distance the Red 
Clearance interval was determined.  The Red Clearance Interval is crucial in the analysis using HCS 
2000 because it enabled us to put in the correct time for how long the red signal would last so that all 
cars could exit the intersection.  Many of the values determined are noted in Appendix A and B.  The 
lowest design speed is seen on the EB off ramp at 23 mph.  This is an acceptable value and signs will 
be posted to prevent trucks from speeding around this curve.  It was determined in the reading that 
by reducing Median Width that Clearance Time would drop and therefore decrease the delay.60  The 
median was thus decreased from 6 feet to 4 feet.  An image of the Bridge Design is shown in Appendix 
H. 
Further Improvements 
 What would be necessary to improve the design even further would require more off ramp 
turn lanes or to change the radii of different ramps so they were numerically close.  Adding a turn lane 
to each of the off ramps would require a much larger investment and would only decrease the delay 
by three seconds.  Creating similar radii would be very difficult given the large skew angle and this 
would at most decrease the delay by two seconds/vehicle.  If both of these were combined the delay 
would decrease by four seconds/vehicle.  Seeing that these would be very expensive steps and the 
delay is small the current design is the most cost effective way of improving the intersection to 
acceptable standards. 
Construction 
 The construction necessary for this project would be extensive and would require many steps 
from the taking of land in the area to the repaving and expansion of a very congested bridge.  In Single 
Point Urban Interchange61 the cost that they use for a bridge of similar characteristics in the Southern 
US had an estimate of $16,304,000 in 1990.  Now while factoring in inflation by using the US 
Department of Labor and Statistics CPI Inflation calculator the purchasing power of that money today 
would be $26,966,720.62  This would be the total cost including all seizing of land and necessary 
curbing around the bridge.  In our work we have expanded on the current bridge instead of building a 
new one.  This should save money instead of the creation of a new bridge because less materials and 
work will be necessary.  We do not have an estimate of our reconstructed bridge but we foresee it to 
be far less than the $26 Million stated above. 
 
Alternative 4 
This re-design is illustrated in Appendix I. The suggestions are drawn with red lines. The most 
important suggested changes include: 
1) Box Junctions and Painting 
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Box junctions are suggested at three locations: the place where Millbury Street merges 
into Kelley Square; the western part of the intersection; and the eastern part of the 
intersection. It is believed that these box junctions will actually prevent cars that cannot 
pass through the intersection due to congestion from entering it. Thus, turns will be 
facilitated. Also, the currently existing painting at the intersection is almost completely 
worn off so re-painting the intersections is suggested. 
2) Closure of Jefferson Street/Vernon Street Intersection 
It was already determined that traffic to and from Jefferson Street is significantly less 
than other traffic through the intersection. Further examination with HCS 2000 Signal 
shows that traffic flows to Jefferson Street can easily be re-directed to Vernon Street 
(eastbound) without causing significant delay at the eastern part of the intersection. For 
these reasons, closure of the intersection of Jefferson Street and Vernon Street is 
recommended. 
3) No through traffic from the Eastern Off-ramp 
The oversaturation issue at the eastern off-ramp which is described in Chapter 5 was 
found to be easily solved by prohibiting through traffic from this ramp. During field traffic 
measurements, it was noticed that most of the cars which are traveling straight from the 
eastern off-ramp are coming from Ward Street. Also, it was determined by observation 
that most of these cars are actually cars that are traveling from Vernon Street to Ward 
Street and then to the eastern on-ramp to avoid the delay at the Vernon Street approach. 
This issue was solved by conservatively assuming that all these cars will travel on Vernon 
Street and take a right turn to the eastern on-ramp if the through traffic from the eastern 
off-ramp is prohibited. The new values for this right-turn amount were plugged into HCS 
2000 Signal and adjustment were made so that the delay at the right-turn lane on the 
Vernon Street approach is not excessive. 
4) Increased Turning Radii 
During turning movement counts at the project intersection, it was observed that current 
geometry of the bridge prevents heavy vehicle drivers from easy and fast turning 
movements thus leading to increase in delay during peak hours. For this reason, the 
geometry of the bridge was changed as shown in Appendix I. The new design was based 
on increasing the radius of the turning curves so that a standard AASHTO WB-40 heavy 
vehicle can take turns at the intersection easily. The characteristics of the WB-40 design 
vehicle were obtained from Traffic and Highway Engineering, 4th Edition63. The minimum 
required turning radii for this vehicle was used to determine how pavement widths and 
bridge should be changed to allow faster turns of heavy vehicles. The bridge was 
redesigned accordingly to account for the additional space needed for those turns. 
5) New pedestrian bridges on both sides and increased lane widths at the bridge; no bicycle 
lanes  
The currently existing bridge includes four 9.5-ft.-wide lanes and two 5-ft. pedestrian 
areas. This bridge was re-designed so that the lane widths could be increased to 12 ft. 
Two new pedestrian bridges are provided on both sides of the currently existing bridge to 
facilitate pedestrians. It should also be noted here that due to the small volume of bicycle 
traffic during peak hours, as determined from turning movement counts, no need for 
provision of separate bicycle lanes at the intersection currently exists. 
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6) Traffic lights at the western part of the project intersection 
Three traffic lights, one for each of the intersection approaches, are suggested. The 
duration of signals and their sequence are coordinated with the traffic signals in the east, 
as obvious from the Appendix I. If implemented, they will transform the intersection into 
a signalized intersection and reduce delays, thus improving the LOS for the intersection 
and the currently failing approaches. 
7) Changed amount and use of lanes. 
The following changes in lane use are suggested: 
- The currently existing shared lane on the Vernon Street approach should be 
transformed to a right-turn lane; 
- The currently existing left-turn lane allowing vehicles to make turns from the   
bridge to the western on-ramp should be transformed into a shared lane so that 
through traffic and left-turning traffic can use it. 
In addition, it is suggested that one more lane is added to the eastern off-ramp. This 
lane along with the currently existing shared lane should be left-turn lanes. 
8) Changes in lane widths. 
The following changes in lane widths are suggested: 
- The lanes on the bridge should be increased to 12 feet each; 
- The lane widths on the eastern on-ramp are suggested to be 15 feet for the left-turning lanes 
and 14 feet for the right-turning lane.   
9) Changes in signal phases 
 The changes in signal phases were the most important ones in terms of impact on LOS. This is 
due to the fact that these changes are relatively inexpensive, can be performed in a short period of 
time, and can lead to significant decreases in delay.  
 The suggested changes are shown in Appendix C. The impact of these changes on each of the 
traffic flows in terms of change in effective green time as percent of total cycle length are 
summarized in the tables below. 
 
 
 NB, 
from 
the 
bridge 
EB, 
from 
the 
bridge 
WB, 
from 
Vernon 
Street 
NB, 
from 
Vernon 
Street 
WB, from 
the 
eastern 
off-ramp 
EB, from 
the 
eastern 
off-ramp 
Effective Green Time As 
Percent of Total Cycle Length: 
Current Conditions 
54 55 37 37 27 27 
Effective Green Time As 
Percent of Total Cycle Length: 
Proposed Alternative 1 
23 47 23 73 25 48 
Table 11: Effects from Traffic Signal at the Eastern Part of the Intersection 
 As is obvious from this table, the effective green time for the westbound traffic from 
Vernon Street and the traffic from the bridge is decreased, while the effective green time 
for the northbound traffic from the bridge and the eastbound traffic from the eastern off-
ramp is increased. The effective green time for the westbound traffic from the off-ramp is 
kept almost the same. Although these values, especially the reduced green time for the 
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eastbound traffic traveling from the bridge, may seem disputable, it was determined with 
the use of HCS 2000 Signal that they render an overall LOS of D and no excessive delays at 
any of the intersection approaches. The new proposed traffic signaling is pre-timed. This 
is based on the previously made observation that traffic flows are relatively constant in 
terms of ratios between the numbers of vehicles coming from each approach lane group 
during any hour are approximately the same.  
 Besides all these listed changes, it should be noted that one possible changes closing 
the western off-ramp. This will increase the LOS at this part of the intersection. At the 
same time, vehicles that currently use it may use Exit 14 off-ramp which is about 1000 
feet north from the western off-ramp at the project intersection. 
 The changes described above inevitably lead to other changes which were not planned 
to occur: changes in turning movements due to redirecting of the off-ramp through traffic 
and the Jefferson traffic; changes in peak hour factors; changes in percent of heavy 
vehicles for each approach; changes in pedestrian travel distance and required minimum 
green time for pedestrian due to increases in certain lane widths; changes in storage bays 
due to increase of certain pedestrian travel distance while maintain a constant distance 
between traffic stop signs and pedestrian walks of 15 feet. All these factors were taken 
into account when data input in HCS 2000 Signal was performed. 
 All these changes were planned in accordance with design-affecting issues outlined in 
Chapter 5. For example, the extension of effective green time was increased from three 
to four seconds and traffic lights were suggested at the western part of the intersection. 
Also, no parking bans for increasing storage bays on Vernon Street are suggested because 
delay at this approach can be kept satisfactory without increasing storage bays. 
 The changes in LOS that the proposed set of solution is expected to cause are shown in 
the tables below. It should be kept in mind that LOS for this re-designed intersection was 
computed based on afternoon peak hour values. 
 
 EB WB NB SB Intersection 
Current Delay 
(sec) 
334.4 28.5 127.2 - 470.5 
Current LOS F C F - F 
Expected 
Future Delay 
(sec) 
45.3 35.1 41.1 - 40.4 
Expected 
Future LOS 
D D D - D 
Table 12: LOS and Delay at the Eastern Part of the Intersection 
 EB Left-Only 
Lane 
EB Through 
Lane 
WB Lanes NB Left-and-
Through Lane 
NB Right Lane 
Current Degree 
of Saturation 
0.70 0.34 0.49 1.03 0.40 
Expected 
Future Degree 
of Saturation 
0.82 0.39 0.34 (Right)/ 
0.82 (Through) 
0.37 0.19 
Table 13: Degree of Saturation at the Eastern Part of the Intersection 
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 WB SB Left SB Right SB Total Intersection 
Current Delay in 
(sec) 
10.1 - - - - 
Current LOS B F F F - 
Expected Future 
Delay in (sec) 
22.4 53.6 6.3 14.9 22.6 
Expected Future 
LOS 
C D A B C 
Table 14: LOS and Delay at the Western Part of the Intersection 
 
 As obvious from these tables, this set of suggestions focused on traffic signaling 
changes lead to increased delay , lower LOS, and increased degree of saturation for the 
westbound approaches at both parts of the intersection, as was predicted from data 
analysis (see Chapter 5, LOS Analysis). However, the Levels of Service for the two parts of 
the intersection were brought to D for the eastern part and C for the western part. Also, 
none of the delays at the intersection approaches is excessive. At the same time, degree 
of saturation is improved for the eastern off-ramp, while keeping the saturation levels at 
the eastbound approach to this intersection part approximately the same. 
 
Constructability 
 Since this alternative is focused on changes in signaling phases, it is relatively inexpensive. 
However, the required bridge extension and increases in lane widths will require construction work to 
be performed. The main challenges that may be encountered during construction are: 
1) Need for re-directing the current traffic through the intersection and traffic on I-290 
During lane widening and bridge expansion, traffic should be restricted. This includes 
restriction of traffic through the intersection during excavation and lane widening 
procedures and probable restriction of traffic on I-290 while bridge expansion is 
performed. This can be challenging since I-290 is an important interstate highway and 
the Kelley Square approach appears as urban major arterial on the Road Inventory 
Map of the Massachusetts Highway department. 
2) Possibility of encountering water pipes, sewerage pipes, and other underground pipes 
and cables during excavation 
Although no significant excavation is needed, it is possible that even the shallow 
excavation may require relocation of currently existing underground pipes and cables. 
No data on such underground objects was collected during this project, so the 
probability of encountering them should be acknowledged as possible challenge. 
No other construction challenges other than those discussed above are expected. The 
reason for this is the fact that the suggested alternative will require standard road re-
construction activities performed every day around the globe. Also, no design and 
construction of new, significant parts to complement the currently existing the 
transportation system are suggested and thus the possibility of unknown site 
conditions is reduced. 
59 
 
 Alternative 5 
This alternative is shown in Appendix D. It suggests modification of the eastern off-ramp by 
elevating it above the eastern part of the project intersection and directing the elevated part of the 
ramp to the intersection of Water Street and Columbia Street. This alternative suggests a second ramp 
which starts from the eastern off-ramp and end on Vernon Street. These ramps require further 
collection of data so that its effect on intersections other than the project intersection can be 
evaluated. Also, since this ramp is assumed to cause problems at other intersections which should be 
solved, while this project was focused on improving the LOS of and reducing crash rates at the project 
intersection without negatively affecting other intersections, no significant research on effects of this 
ramp at those other intersections and design calculations should be made. It should be acknowledged 
that this alternative requires further research before being accepted for implementation. 
 Other than the suggested new ramps, this alternative also contains several other changes: 
 
1) Closure of the western off-ramp 
 The need for closure of the western off-ramp arose from the evaluation of this 
alternative with HCS 2000 Signal. It was determined that the LOS of and delay at the whole 
intersection in the west are inversely related to the LOS of and the delay at the eastbound 
approach lane of western off-ramp. Further evaluation showed that huge increase in delay for 
the western intersection and especially the westbound lanes on the westbound approach are 
required to achieve small decrease in delay for the eastbound approach lane of western off-
ramp. Therefore, this ramp was closed. This change created a T-leg intersection which was 
found to have an optimum LOS of A, as shown in this chapter. At the same time, it was 
acknowledged that vehicles that currently use the off-ramp may use Exit 14 off-ramp which is 
about 1000 feet north from the western off-ramp at the project intersection. It was also 
acknowledged that the vehicles that currently travel eastbound from the western off-ramp will 
choose to travel through Kelley Square to reach Vernon Street. This notion was reflected in the 
properly increased values of through traffic entering the project intersection from Kelley 
Square. 
 
2) Traffic signal at the western part of the intersection 
 A traffic signal was used initially to improve LOS of this part of the project intersection. 
After the decision for closing the western off-ramp was taken, the traffic light was left there to 
facilitate vehicles travelling from the bridge to the western on-ramp. Those vehicles will 
experience significant delay there if no protected phase is provided for them. 
 
3) No access from Ward street to the newly proposed ramps 
 This suggestion may lead to community protests since the residents on Ward Street 
and other streets around it will have to use Vernon Street. However, this decision was taken 
after examination of current topography along and buildings on Ward Street with the help of 
Google Earth and the grade requirement on grades of interchange ramps imposed by the Mass 
Highway Project Development and Design.64 No reasonable links from Ward Street to the 
proposed new ramp can be built at locations other than the yard of the church “Our Lady of 
Czestochowa.” However, this was deemed to cause even bigger community protests. Thus, it 
                                                
64
 (Executive Office of Transportation: MassHighway, Mass Highway Design Guide) 
60 
 
was decided that Ward Street residents will have no access to the ramp and will need to use 
Vernon Street to enter I-290. This was reflected in the HCS input data by summing the values 
for the current through traffic from the eastern off-ramp and the Vernon Street northbound 
approach lanes and using the obtained value as actual. Also, the fact that some cars from 
Ward Street take left turn at the eastern part and travel to Kelley Square was accounted for. 
From on-site observations, it was assumed that 1/3 of the vehicles which currently take those 
left turns come from Ward Street. This 1/3 value was then spread among the vehicles taking 
left turn from the bridge to the western on-ramp and vehicles traveling westbound from the 
bridge. 
 
4) Changes in signal phasing 
 The new geometry of the project intersection which is proposed as part of this 
alternative requires completely new phasing design. While current phasing design is 
concentrated on providing sufficient time for three approaches and six lane groups, the signal 
phasing for this alternative only has to provide protected left-turn phases so that vehicles on 
the bridge can make left turns. The new proposed phasing design is shown in Appendix C. It 
leads to the effective green times shown in the table below. 
  
 NB, from 
the Bridge 
EB, from 
the bridge 
WB, from 
Vernon 
Street 
NB, from 
Vernon 
Street 
WB, from 
the 
eastern 
off-ramp 
EB, from 
the 
eastern 
off-ramp 
Effective Green Time As 
Percent of Total Cycle Length: 
Current Conditions 
54 55 37 37 27 27 
Effective Green Time As 
Percent of Total Cycle Length: 
Proposed Alternative 2 
81 82 78 78 - - 
 Table 15: Effects from Traffic Signal at the Eastern Part of the Intersection 
 As obvious from the table, this alternative will lead to significant increase in effective green 
time for all approach groups in the eastern part of the project intersection. It should be noted here 
that this increase in the effective green time for the northbound traffic from the bridge is due to 
the fact that left turns are allowed during the all phases. 
 Besides those changes which are unique for this alternative, several proposed changes for 
both alternatives are common. These include: box junctions at the three locations (i.e.,  where 
Millbury Street merges into Kelley Square; the western part of the intersection; and the eastern 
part of the intersection); closure of Jefferson Street/Vernon Street intersection; and transformation 
of the currently existing left-turn lane allowing vehicles to make turns from the   bridge to the 
western on-ramp into a shared lane so that through traffic and left-turning traffic can use it. 
 Similar to Alternative 1 which caused some unexpected changes, Alternative 2 also leads to 
unexpected changes. The most important one was increased eastbound traffic from Kelley Square 
and increased through traffic from Vernon Street. These factors were taken into account when 
data input in HCS 2000 Signal was performed t However, these traffic increments did not lead to 
excessive delays, as obvious from LOS values resulting from this alternative. 
 All these changes were planned in accordance with design-affecting issues outlined in Chapter 
5. For example, no parking bans on Vernon Street are suggested since an LOS of B is achieved 
without the use of traffic restriction measures. Also, crash reductions for all collision types (except 
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for collisions with pedestrians, bicyclists, and fixed objects) are expected due to the significantly 
improved intersection LOS. 
 The changes in LOS that the proposed set of solution is expected to cause are shown in the 
tables below. It should be kept in mind that LOS for this re-designed intersection was computed 
based on afternoon peak hour values. 
 
 
 
 EB WB NB SB Intersection 
Current Delay 
(sec) 
334.4 28.5 127.2 - 470.5 
Current LOS F C F - F 
Expected 
Future Delay 
(sec) 
15.3 11.3 - - 13.5 
Expected 
Future LOS 
B B - - B 
Table 16: LOS and Delay at the Eastern Part of the Intersection 
 EB Left-Only 
Lane 
EB Through 
Lane 
WB Lanes NB Left-and-
Through Lane 
NB Right Lane 
Current Degree 
of Saturation 
0.70 0.34 0.49 1.03 0.40 
Expected 
Future Degree 
of Saturation 
0.55 0.23 0.24 - - 
Table 17:Degree of Saturation at the Eastern Part of the Intersection 
 WB SB Left SB Right SB Total Intersection 
Current Delay in 
(sec) 
10.1 - - - - 
Current LOS B - - - - 
Expected Future 
Delay in (sec) 
14.8 - - - 14.0 
Expected Future 
LOS 
B - - - B 
Table 18: LOS and Delay at the Western Part of the Intersection 
 As obvious from these tables, changes comprising Alternative 2 will lead not only to overall 
delay reduction and increase in LOS for both the western and the eastern part of the project 
intersection, but also to improved LOS, decreased delay, and reduced degree of oversaturation for 
each of the approaches and lane groups at the eastern part of the intersection. At the same time, 
delay at the westbound approach at the western part of the project intersection will be increased 
but the LOS for this approach will still be B. 
 
Constructability 
 Constructability of this alternative is an issue which requires serious research and appropriate 
design. Soil samples should be taken so that soil conditions are known. Thus, adequate support for 
the proposed ramps can designed.  
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 Similar to Alternative 1, Alternative 2 requires for re-directing the current traffic through the 
intersection and traffic on I-290. This need will pose the same challenges on traffic re-directing as 
the ones described in the discussion of Alternative 1 constructability.  
 Again similar to Alternative 1, Alternative 2 will require some excavation work and the same 
challenges associated with encountering water pipes, sewerage pipes, and other pipes and cables 
may be encountered. 
 Some of the unique challenges associated with design and construction and design of the new 
ramps include: 
1) One of the new ramps should pass over the currently existing eastern on-ramp and I-290. Since 
no columns can be poured on these transportation facilities, the support of this portion of the 
proposed ramp should be considered. 
2) The ramp leading to Vernon Street will pass through a residential area. This may necessitate the 
demolition of some homes which will lead to hostile relations between the community and the 
City of Worcester which should approve such a change. 
 Besides these challenges, there are also certain factors that the proposed ramps may be 
constructible. The most important of those are: 
1) From bridge data and data obtained from Google Earth, it was determined that the elevation 
of the bridge at the eastern part of the project intersection is approximately 15 feet. If the 
clearance between ramp that is proposed to pass over the  eastern part and the eastern 
intersection should be 15 feet and the thickness of the ramp slab and the pavement is two 
feet, a required elevation of 32 feet over I-290 should be achieved. From Google Earth, the 
currently existing off-ramp was determined to be 800 feet long. Thus, a ramp grade of four 
percent is required to achieve the required elevation which is below the maximum grade 
requirement of 6% stipulated in the Massachusetts Highway Project Development and 
Design.65  
2) From Google Earth Data, it was determined that the maximum curve radius that can be 
achieved without demolition of large number of homes for the ramp that should end on 
Vernon Street is approximately 360 feet. Thus, the ramp should be a one-lane ramp. According 
to the requirements and guidelines stipulated in the Massachusetts Highway Project 
Development and Design, the maximum achieved speed can be 35 mi/h and the LOS achieved 
for this ramp can be C for the current traffic. 
3) For the ramp passing over I-290, approximately the same maximum radius, the same design 
speed, and the same LOS can be achieved. 
4) Due to the fact that there no exits on I-290 within 600 feet from Exit 13, a deceleration lane 
can be constructed so that it has the minimum length stipulated in the Massachusetts Highway 
Project Development and Design. 
Comparison of Alternatives 
 
 The proposed alternatives were compared in terms of expected duration (in years) of 
satisfactory intersection performance based on 2 % annual traffic growth rate, and expected duration 
(in years) of satisfactory intersection performance based on 3 % annual traffic growth rate. HCS 2000 
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Signal was used for comparison of alternatives. It should be noted that satisfactory performance was 
defined as performance which lead to an LOS better than F for each of the intersection approaches. 
The obtained results are shown in the table below. 
 
 Years to failure: Annual 
Growth Rate 2% 
Years to failure: Annual 
Growth Rate 3% 
Alternative 4 10 7 
Alternative 5 13 9 
Table 19: Years to Failure 
 As obvious from the obtained results, the design life for Alternative 2 is two to three years 
longer than the design life for Alternative 1 if failure is defined as failure of one approach. Therefore, 
it may not be justified due to the small increase in design life but the significantly higher cost for its 
implementation.  
 
Comparative Level of Service Analysis Diagram 
 
Design   
290 EB 
Off Ramp 
Vernon 
Street WB 
290 WB Off 
Ramp 
Vernon 
Street EB 
Total 
Cycle Length 
(Seconds) 
Current 
Delay(sec/veh) 127.2 28.5 
Unmet 
Demand* 
334.4 470.5 
104.0 
LOS F C F F F 
Alternative 
1 
Delay(sec/veh) 36.4 33.4 
Unmet 
Demand* 
244.2 110.3 
80.1 
LOS D D F F F 
Alternative 
2 
Delay(sec/veh) 20.4 26.6 
Unmet 
Demand* 
208.4 96.3 
62.5 
LOS C C F F F 
Alternative 
3 
Delay(sec/veh) 24.1 17.1 11.5 22.3 19.3 
76.2 
LOS C B B C B 
Alternative 
3 in               
20 Years 
Delay(sec/veh) 34.8 23.7 13.5 31.1 26.1 
109.3 
LOS C C B C C 
Alternative 
4 
Delay(sec/veh) 41.1 35.1 14.9 45.3 22.6 
  
LOS D D B D C 
Alternative 
5 
Delay(sec/veh) 14.8 11.3 
 
15.3 13.5 
  
LOS B B   B B 
 
Table 20: Comparative Level of Service Table 
* Worst Level of Service for Road taken when the unsignalized 
intersection still exists 
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Chapter 7 Bridge Design 
 
7.1 Introduction 
 As part of final transportation solution,  new members must be designed to attach to the 
existing bridge . The new members that will be attached to the bridge are designed it in this chapter. 
This chapter outlines the design of the structural steel system and the respective components (i.e., 
piers, abutments, bearings, expansion joints, etc.) for a typical highway overpass. The project was 
aided by the use of AASHTO LFRD Bridge Design Specifications66, a series of bridge engineering 
handbooks, and RISA’s structural engineering software, in addition to many other sources. With a firm 
grasp on conceptual bridge design, provided through our background and methodology, we were able 
to proceed to the design phase. The following section provides insight into the design process, 
including resources used, general methodology and any problems that were encountered in designing 
each component. This section also provides a summary of the results and explains their significance.  
 
7.2 RISA2D 
 
 RISA‐2D was used to analyze different design options in a quick and efficient manner. The 
standard model was a 45 foot member with pin supports at both ends. The loads (i.e., point or 
distributed) were applied to the model as needed depending on the design that was being done. 
The program allowed us to quickly find the moments, shear, and deflection for a given design. 
This saved us a great amount of time and allowed us to work more efficiently by not having to 
calculate by hand the moments, deflection, and shears for each different design and spacing. The 
live load assumed  used an HS20‐44 design truck, which can be seen in Figure 1 below. This live 
load was used for all design purposes needing a live load contribution. The live loads were 
multiplied by a design load factor of 1.6 when they were applied to a member, which can be seen 
in Figure 2 below. The location of the loads relative to each other is specified by AASHTO and the 
load location on the member was determined through trial and error to find the largest moment, 
shear, and deflection.  
 As show in the Figure 2 (Factorized Live Load), the forces location 21 ft, 35 ft, and 49 ft 
was the combination which produces the largest moment, shear and deflection in the girders. The 
moment and shear diagram are show in Figures 3 and 4.  The dead load was input as a distributed 
load; an example of this is the self weight of the girder on its span. This is shown in Figure 5 
below. This approach was taken for all dead loads for all design purposes. The engineering 
properties of the structural materials (steel) were input to the program accordingly. Results for 
the shear and moment were found at nine points equally spaced over the member. An odd 
number of points were used so that a result point could be placed in the middle, which is often a 
maximum.  
 
 
 
 
                                                
66
 (American Association of State Highway Transportation Officials (AASHTO), 2008) 
65 
 
 
Figure 12: HS20-44 Design Truck Loading 
 
 
 
 
 
 
 
Figure 14: Factored Live Load Moment Diagram 
Figure 13 HS20-44 Design Truck Loading with Load Factor of 1.6 
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Figure 15 Factored Live Load Shear Diagram 
 
 
 
 
Figure 16 Sample Dead Load Configuration  
 
7.3 Deck 
 
Design Process 
 The actual bridge is a steel girder with a composite concrete deck. In designing the composite 
deck, two different design examples were followed from the LRFD section of the U.S. Department of 
Transportation Federal Highway Administration67 Website. In addition to these design examples, we 
compared them with a design example in Bridge Engineering Handbook by Wai‐Fah Chen and Lian 
Duan, procured early in our research. The principal document used for each design was AASHTO LFRD 
Bridge Design Specifications68, which outlined a variety of specifications we needed to use. With the 
above resources at our disposal we were able to complete design calculations for the following deck 
configurations seen in Table 1. Hand calculations were completed and they can be seen in the 
Appendix L. In addition, the maximum positive and negative moments for the composite deck design 
were calculated through the use of RISA 2D. The outputs of these moments, in addition to discussion 
of the results are examined in detail within the following sections. 
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Results 
 As indicated in the above methodology, all designs were first completed by hand (see 
Appendix L). The results of which are summarized in the following tables and schematics. 
 
 
 
 
Deck Results 
    
  10 Girder 
    
Positive Moment Reinforcement, top # 5 bar with 10 in spacing 
    
Negative Moment Reinforcement, bottom # 5 bar with 8 in spacing 
    
Bottom longitudinal Reinforcement # 5 bar with 10 in spacing 
    
Top longitudinal Reinforcement # 5 bar with 8 in spacing 
    
Additional Bars in the Overhang to Main Reinforcement # 4 bar with 8 in spacing 
Table 21: Deck Reinforcement Bars 
 
 
 
Figure 17 Deck 
 
 To clarify the location of each type of reinforcement, general schematics are provided 
above; each labels the necessary design components and parameters.  
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7.4 Bearings 
 In addition to the design of the deck and girders we made some basic assumptions about 
the appropriate size, type and relative properties of the bearings used in our design. In selecting a 
bearing, it was first important to know how much load it would need to support. To calculate this 
we used the quantities calculated in our superstructure design. In combining the weight of the 
superstructure components in addition to the maximum live load obtained from the design 
tandem trucks scenario, we determined that each bearing must support a maximum of 95 kips 
which makes the plain elastomeric bearing an easy choice as it is capable of supporting nearing 
twice the required load. 
 The support reactions for two scenarios were collected from RISA, live load and dead load.  
This information was input into a spread sheet to check if the size of the actual bearing in the 
bridge can also be used for the new two girders. 
 This spread sheet was developed for the Federal Highway Administration. The initial 
design input and final design are show in Tables 2 and 3 respectively. All calculations are 
attached in Appendix L. 
 
   
 
Figure 18: Cross Sectional View of a Bearing 
 
 
 
 
 
 
69 
 
Results 
 
Initial input data: 
 
Table 22 Bearing initial design input 
 
 
 
 
 
 
 
And the final design: 
 
 
Table 23 Bearing final design summary 
 
 
 
7.5 Rolled Steel Girder 
 
 There is a large listing of standard sizes of steel girders in the American Institute of Steel 
Construction Manual
69
. With the information from this manual, the design for the spacing (6.75 feet) 
was completed. For hand calculations refer to Appendix L. 
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Results 
 
Rolled Steel Girder 
  
 
10 Girder 
Girder size W36X150 
    
# of Shear Connectors 212 
    
Service Load Deflection Before Concrete Hardens (in) 3.37 
    
Service Live Load Deflection After Composite Action Available (in) 3.04 
Table 24 Rolled Steel Girder General Information 
 
 As seen in this table, the deflections are greater that the permissible of L/360 which for 75 
ft is 2.5 in.   Because of this the girders were design with one inch of camber. For more detail of 
the design of the girder refer to the girder hand calculations in  Appendix L.   
 
 
7.6 Piers 
 
Design Process 
 
 Due to time constraints on the project, the pier was designed to accommodate the new set 
of add it girders system, as it transfers the greatest amount of load to the substructure, mainly 
due to its larger size. In designing the piers we used a design example in the LRFD section of the 
U.S. Department of Transportation Federal Highway Administration
70
 website. In addition, we used 
tables in the book Bridge Engineering, by Demetrios E. Tonias, to determine the proper size 
reinforcement. As is consistent throughout the design of each component, AASHTO LRFD Bridge 
Design Specifications was our leading reference document. With the use of the AASHTO bridge 
specification in conjunction with the aforementioned design example we outlined the governing 
limiting states that were used for the design of each pier component in Table 3. 
 
Component Limit States 
Cap Strength I, Service I 
Column Strength I, and V, Service 1 
Footing Strength I, III and V, Service 1 
Table 25 Governing Limit States for each pier Component 
 
 The intermediate pier consists of the design of the cap, columns, footings and foundation 
soil seen in Figure 7. A number of types of loads were considered for these components, including 
dead, vehicle, temperature, shrinkage, wind and braking forces to name a few. 
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Figure 19 Pier Configuration 
 
 
 In designing the pier cap, positive and negative moment resistance, minimum and 
maximum reinforcement, flexural reinforcement distribution, shear resistance and minimum 
reinforcement for temperature and shrinkage were all addressed. The cap was reinforced in both 
the longitudinal and transverse directions to meet the aforementioned limits outlined within the 
AASHTO bridge specification and on the U.S. DOT website71. The column design considered a 
number of the previous considerations, however, the most significant element of the design was 
the determination of the column diameter, which was checked for slenderness effects, along with 
the longitudinal reinforcing bar and transverse tie sizes. The slenderness of the column was 
determined according to the provisions within section 5.7.4.3 of AASHTO. The slenderness was 
determined using a ratio if the length from the bottom of the cap to the top of the footing 
multiplied by a variable K (determined from section 4.6.2.5 of AASHTO) all over a quarter times 
the radius of the proposed diameter. This value must be less than the standard number twenty 
two. This limit must be addressed to ensure the column’s resistance to longitudinal and 
transverse loading. Each of the four columns is positioned on a footing. The design of the footings 
was relatively simple. A critical section was first determined and then the loads were applied. 
Both the transverse and longitudinal faces of the footing were analyzed to determine the proper 
amount of reinforcement. Last, the foundation was designed to resist all applicable loads. It is 
important to note that variables such as soil classification, depth of footing and soil density were 
assumed in determining the footing effective dimensions and resistance factor. Therefore these 
specifications must be noted for construction. 
 
Results 
 
 As noted in the design process, there is one design for the pier that accommodates all 
superstructure designs. The calculations for this design can be seen in Appendix L, in Table 4 the 
reinforcement for the pier cap, columns and footings is displayed. In addition, schematics of each 
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of these components are provided in Figures 8, 9and 10, to clarify the location of each type of 
reinforcement. 
 
Type of reinforcement 
Bar 
Size No. of Bars 
Cap top Flexural Bars #9 4 
Cap Bottom Flexural Bars #10 3 
Cap Transverse Reinforcement #7 
4 (each 
side) 
Cap Stirrup #5 4 
Column Longitudinal Reinforcement #8 16 
Column Transverse Reinforcement #2 10 
Footing Top Reinforcement #5 13 
Footing Bottom Reinforcement #9 13 
Table 26 Pier Reinforcement 
 
 
 
 
Figure 20 Pier Cap 
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Figure 21 Pier Column 
 
 
Figure 22 Pier Footing 
 
 
 
 In creating a pier design to accommodate all superstructure designs we had to determine 
the most critical case, which was all ten steel stringers of the composite deck having a dead load 
of approximately 720 kips. This value was calculated from our quantities within our 
superstructure design. In addition to this dead load, live, wind and braking forces loads were are 
considered to create a sound design of the intermediate pier which met all AASHTO 
specifications. 
 
 
 
7.7 Abutments 
 
Design Process 
 
 A single design was completed for the abutments because of time constraints. The 
abutment design was completed for a 10 steel stringer system. The abutment design was 
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completed with the aid of the U.S. Department of Transportation Federal Highway Administration72 
website, using the LRFD design examples. Information was also used from Wai‐Fah Chen’s and 
Lian Duan’s, Bridge Engineering Handbook and Bridge Engineering, by Demetrios E. Tonias.73 
The abutment design was governed by AASHTO LRFD Bridge Design Specifications74, which was 
consistent with all of the designed components. The abutment consists of individual parts that 
were designed separately but worked as a whole, which can be seen in Figures 41‐43. These parts 
consisted of the piles, pile cap, backwall, wingwall, and approach slab. These individual parts all 
functioned together to provide an effective design. The parts were designed using one of the 
following when considering loads; strength limit state I, strength limit state III, and extreme 
event limit state, which can be seen in the figure below. 
 
 
Table 27 Designs Element & Corresponding Limit State 
 
Results 
 
 As noted in the design process, there is one design for the abutments that accommodates 
all superstructure designs. The calculations for the abutments can be seen in Appendix L, while 
the reinforcement needed for the pile cap, wingwall, approach slab, and backwall can be seen in 
the Table 6 below. 
 
Type of reinforcement Bar Size 
Spacing 
(in) Linear Feet Needed Per Abutment 
Approach Slab Longitudinal #10 11 945 
Approach Slab Transverse #5 12 1148 
Pile Cap Top/Bottom Reinforcement #7 8 540 
Pile Cap Perpendicular Reinforcement #5 10 378 
Backwall Parallel Reinforcement #5 10 810 
Wingwall Perpendicular Reinforcement #6 12 660 
Wingwall Parallel Reinforcement #9 7 1216 
Table 28 Reinforcement for Abutment 
 
 
 Schematics of the pile cap, backwall, approach slab, and wingwall can be seen in Figures 
11, 12 and 13 below to help understand the reinforcement designs. It was determined that 4 HP 
                                                
72
 (Federal Highway Administration,2002) 
73
 (Chen and Duan, 1999) 
74
 (American Association of State Highway Transportation Officials (AASHTO), 2008) 
75 
 
12X53 piles were needed for the design. The piles were spaced at 7 feet 7 inches with a pile end 
distance of 1 foot 9 inches at each end. 
 
 
Figure 23 Approach Slab Reinforcement 
 
 
 
Figure 24 Wingwall Reinforcement 
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Figure 25 Pile Cap & Backwall Reinforcement 
Chapter 8:  Recommendations 
 The recommended alternatives were chosen based on cost and potential future benefit to the 
intersection.  Minimizing the cost of the project will help increase the ability of the City of Worcester 
and Mass Highway to implement these changes. 
Recommendation 1: Closure of Jefferson Street and Signal Timing  
 The first thing that should be done is the immediate retiming of the intersection.  This would 
decrease the delay at the intersection by 55% and could be done very quickly.  After this is done plans 
should be drawn up to implement Alternative 2.  This alternative would further decrease the delay by 
a great deal and would be inexpensive and easy to implement.  The major issues would be repainting 
the road to change the recommended lines and closing off Jefferson Street.  The required work should 
be under $50,000 and it could be completed in a matter of weeks.  The delay would be decreased 
while also increasing safety quickly after implementation.   
Recommendation 2: Single Point Urban Interchange 
 If money is in the budget to do a complete overhaul of the bridge, Alternative 3 would 
drastically improve the level of service and create a safe intersection for cars and pedestrians.  The 
Level of Service for implementing Alternative 3 increases from an F to a B.  The delay per vehicle 
would drop 83% from the redesigned signal alternative that was presented in Alternative 1.  The 20 
year plan shows that the intersection would still maintain a LOS of C while only increasing 7 seconds 
per vehicle.  This could make the intersection capable of handling increased traffic loads for years to 
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come and the expense in creating the bridge would be greatly outweighed by the long term benefit 
with decreased congestion and increased safety. 
References 
National Bridges Inventory Database. (n.d.). Bridge Number W440851N9MHDNBI. Retrieved 
September 1, 2009, from 
http://nationalbridges.com/nbi_record.php?StateCode=25&struct=W440851N9MHD 
American Association of State Highway Transportation Officials (AASHTO). (2008). LRFD Bridge 
Design Specifications, Cutomary U.S. units, 4th edition, 2008 Interim Revisions.  
Bonneson, J. A. (1993). Bridge Size and Clearance Time of Single Point Urban Interchange. Journal of 
Transportation Engineering , 119 (1), 20. 
City of Worcester. (n.d.). City of Worcester: Street Listing. Retrieved July 27, 2009, from 
http://www.ci.worcester.ma.us/dpw/engineering/street_listing.pdf 
Cogliano, J., & Blundo, J. (2005). Commomnwealth of Massachussets. Massachusetts Highway 
Department. Procedures for Speed Zoning on State and Municipal Roadways. Executive Office of 
Transportation. 
Eastern Roads. (n.d.). Worcester Expresway (I-290): Historic Overview. Retrieved July 27, 2009, from 
http://www.bostonroads.com/roads/I-290_MA/ 
Executive Office of Transportation: MassHighway. (2007). 2007 Top Crash Locations Report. 
Massachusetts State Report. 
Executive Office of Transportation: MassHighway. Intersection Design. In Project Development and 
Design Guide.  
Executive Office of Transportation: MassHighway. (n.d.). Projects. Retrieved July 28, 2009, from 
http://www.mhd.state.ma.us/ProjectInfo/Main.asp?ACTION=ViewProject&PROJECT_NO=603539 
Executive Office of Transportation: MassHighway. (2009). Structures Inspection Field Report: 2008 
Routine Inspection. Boston. 
Executive Office of Transportation: MassHighway. (2003). The Massachusetts Amendments to the 
Manual on Uniform Traffic Control Devices (MUTCD) for Streets and Highways and the Standard 
Municipal Traffic Code. MassHighway. 
Google. (2009). Retrieved November 2009, from Google Maps: http://maps.google.com 
Hoel, L. A., & Garber, N. J. (2008). Traffic and Highway Engineering (4th Edition ed.). Toronto: 
Cengage Learning. 
Kockelman, K., & Luce, C. B. TRAFFIC CONGESTION. In HANDBOOK OF TRANSPORTATION. 
McGraw Hill. 
Massachusetts Department of Transportation. (2007). Route Traffic Volume Count Listing. Boston: 
State of Massachusetts. 
MassHighway. (2001). Projects. Retrieved August 15, 2009, from WORCESTER- 
RECONSTRUCTION OF VERNON STREET OVER ROUTE 122, INCLUDES REPLACING W-44-
085 : 
http://www.mhd.state.ma.us/ProjectInfo/Main.asp?ACTION=ViewProject&PROJECT_NO=603539 
MassHighway. (2009). Road Inventory Interactive Map . Retrieved August 20, 2009, from 
http://www.eot.state.ma.us/default.asp?pgid=planning/interactiveMaps&sid=about 
MassHighway. (2009). Year 1998-2007 Crash Data Files in Excel format for City of Worcester. 
Boston: Massachusetts Highway Department. 
Messer, C. J. (1991). Single Point Urban Interchange Design and Operations Analysis. National 
Cooperative Highway Research Program Report , 345, 101. 
78 
 
Radon Mitigation & Concrete Waterproofing Co. . (n.d.). Concrete Sealing and Staining in One Step. 
Retrieved December 2009, from http://www.radonseal.com/color-sealer/color-sealer.htm 
Transportation Research Board. (2000). Highway Capacity Manual. Washington, D.C. 
U.S. Bureau of Labor Statistics. (n.d.). Inflation Calculator: Bureau of Labor Statistics. Retrieved 
December 5, 2009, from http://www.bls.gov/data/inflation_calculator.htm 
United States Department of Transportation - Federal Highway Administration. (2009, March 19). 
Historical Monthly VMT Report. Retrieved November 20, 2009, from United States Department of 
Transportation: http://www.fhwa.dot.gov/policyinformation/travel/tvt/history/ 
United States Department of Transportation: Federal Highway Administration. (2003). Manual on 
Uniform Traffic Control Devices (MUTCD) for Streets and Highways Including Revision 1 dated 
November 2004 and Revision 2 dated December 2007. FHWA. 
United States Geological Society. (n.d.). Worcester North, MA Quadrangle: 1939, Southeast Corner. 
Retrieved July 28, 2009, from http://docs.unh.edu/MA/wrcn39se.jpg 
United States Geological Society. (n.d.). Worcester North, MA Quadrangle: 1949, Southeast Corner. 
Retrieved July 28, 2009, from http://docs.unh.edu/MA/wrcn49se.jpg 
United States Geological Society. (n.d.). Worcester, MA Quadrangle: 1892, Southeast Corner. 
Retrieved July 28, 2009, from http://docs.unh.edu/MA/worc92se.jpg 
United States Geological Society. (n.d.). Worcester, MA Quadrangle: 1917, Southeast Corner. 
Retrieved July 28, 2009, from http://docs.unh.edu/MA/worc17se.jpg 
Vanasse Hangen Brustlin, Inc. (2009). Worcester Regional Mobility Study. Worcester. 
 
Appendix 
Appendix A: SPUI South Side 
South Side of Intersection 
    
    
Cross 
Road 
Off 
Ramp 
Major 
Road 
Cross Road Clearance Distance RC 2 41   
Lane Width LW 12 12   
Cross Section Width CW 48   113.167 
Center Clearance Z 15 15 6 
Average Width of Traffic Lanes W 12 
Median Width MW 4 
Median Nose Radius NR 2 
Skew Angle α 0.38 
Radius of Turn Lane R 156.71 115.75   
Signal Head Setback Distance from Stop Line S 40 
Signal Head Offset Sw 33 
Path Length L 99.6 203.61 151.922 
Left Turn Radius r 138.71 97.75   
Design Speed of the Left Turn lane Vd 26.35 23.25   
Average Running Speed for Low Volume Conditions Va 25.08 22.61   
Average Clearing Vehicle Speed Vc 22.77 20.31   
Friction Coefficient f 0.37 0.38   
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Stopping Sight Distance D 149.16 127.73   
Middle Ordinate of the Left Turn Lane mo 19.57 20.13   
Clearance Interval CI 4.38 10.02   
Total Clearance   14.4 
 
Appendix B: SPUI North Side 
North Side of Intersection 
    
    
Cross 
Road 
Off 
Ramp 
Major 
Road 
Cross Road Clearance Distance RC 2 41   
Lane Width LW 12 12   
Cross Section Width CW 48   113.167 
Center Clearance Z 15 15 6 
Average Width of Traffic Lanes W 12 
Median Width MW 4 
Median Nose Radius NR 2 
Skew Angle α 0.38 
Radius of Turn Lane R 156.71 156.87   
Signal Head Setback Distance from Stop Line S 40 
Signal Head Offset Sw 33 
Path Length L 99.6 160.58 151.922 
Left Turn Radius r 138.71 138.87   
Design Speed of the Left Turn lane Vd 26.35 26.36389   
Average Running Speed for Low Volume Conditions Va 25.08 25.09111   
Average Clearing Vehicle Speed Vc 22.77 22.77   
Friction Coefficient f 0.37 0.38   
Stopping Sight Distance D 149.16 149.23   
Middle Ordinate of the Left Turn Lane mo 19.57 19.57   
Clearance Interval CI 4.38 7.05   
Total Clearance   11.42 
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Appendix C: Warrant Analysis 
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            Appendix D: Alternative 5 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
87 
 
 
88 
 
 
 
 
 
 
89 
 
Appendix E: HCS Reports 
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Appendix F:  Adjusted Turning Volumes 
 
Start Date 10/19/2009 
       Start Time 4:00 
       Site Code East PM 
       Street 
Name 
290--From 
North VERNON--From East 
Start Time Peds  Right  Right(Trucks) Thru  Thru(Trucks) Jefferson Jefferson(Trucks) Peds  
4:00 PM 21 54 0 152 2 5 0 1 
4:15 PM 7 56 0 121 1 4 0 0 
4:30 PM 8 64 1 144 0 1 0 0 
4:45 PM 8 58 0 156 0 0 0 0 
5:00 PM 14 53 0 158 2 2 0 0 
5:15 PM 3 54 1 147 0 1 0 0 
5:30 PM 12 54 1 129 1 3 0 1 
5:45 PM 5 41 0 134 2 0 0 0 
Totals 78 434 3 1141 8 16 0 2 
Totals for 
the peak 
hour (4:00 
PM - 5:00 
PM) only 
44 232 1 573 3 10 0 1 
Totals for 
4:30 PM - 
5:30 PM 
33 229 2 605 2 4 0 0 
Adjusted 
Values 
  229 1 324 2 7 0   
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Street 
Name 290--From South 
Start 
Time Right  
Right 
(Trucks) Thru  
Thru 
(Trucks) Jefferson Jefferson (Trucks) Left  Left (Trucks) Peds  
4:00 PM 45 0 34 0 8 0 84 0 9 
4:15 PM 45 0 27 1 11 0 81 1 3 
4:30 PM 55 0 34 0 10 0 91 0 11 
4:45 PM 43 0 28 0 15 0 91 2 5 
5:00 PM 42 0 20 0 7 0 84 0 6 
5:15 PM 40 1 22 0 4 0 70 0 5 
5:30 PM 40 0 22 0 12 0 72 0 5 
5:45 PM 21 0 16 1 7 0 67 1 10 
Totals 331 1 203 2 74 0 640 4 54 
Totals for 
the peak 
hour 
(4:00 PM 
- 5:00 
PM) only 
188 0 123 1 44 0 347 3 28 
Totals for 
4:30 PM 
- 5:30 
PM 
180 1 104 0 36 0 336 2 27 
Adjusted 
Values 
123 0 121 1 32 0 335 3   
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Street 
Name VERNON--From West 
 Start 
Time Left Left(Trucks) Jefferson Jefferson(Trucks) Thru Thru(Trucks) Peds  Total 
4:00 PM 74 1 3 0 123 0 0 585 
4:15 PM 97 1 1 0 127 0 0 574 
4:30 PM 77 0 1 0 130 0 0 608 
4:45 PM 76 2 3 0 126 1 0 601 
5:00 PM 76 0 3 0 136 1 0 584 
5:15 PM 91 0 4 0 147 0 2 582 
5:30 PM 87 0 4 0 112 0 3 537 
5:45 PM 80 1 11 0 131 0 10 513 
Totals 658 5 30 0 1032 2 15 4584 
Totals for 
the peak 
hour 
(4:00 PM 
- 5:00 
PM) only 
324 4 8 0 506 1 0 
  
Totals for 
4:30 PM - 
5:30 PM 
320 2 11 0 539 2 2 
  
Adjusted 
Values 
320 4 6 0 331 1   
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Start Date 10/19/2009 
    Start Time 4:00 
    Site Code West PM 
    Street Name 290 WB Offramp--From North 
Start Time Right  Right(Trucks) Left  Left(Trucks) Peds  
4:00 PM 79 3 41 1 0 
4:15 PM 72 0 23 0 2 
4:30 PM 54 3 28 0 2 
4:45 PM 61 1 35 0 0 
5:00 PM 59 3 32 0 0 
5:15 PM 47 0 25 0 1 
5:30 PM 60 1 39 0 0 
5:45 PM 65 0 37 0 0 
Totals 497 11 260 1 5 
Totals for 
the peak 
outflow 
hour (4:00 
PM - 5:00 
PM) only 
266 7 127 1 4 
Totals for 
the peak 
hour (4:30 
PM - 5:30 
PM) only 
221 7 120 0 3 
Adjusted 
values 
666 18 151 1   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
120 
 
Street 
Name VERNON--From East VERNON--From West 
 Start 
Time Thru  
Thru 
(Trucks) Left  
Left 
(Trucks) Peds  Right  
Right 
(Trucks) Thru  
Thru 
(Trucks) Peds  Totals 
4:00 PM 188 1 47 0 0 152 4 183 5 9 713.6667 
4:15 PM 166 0 49 2 0 163 2 189 2 2 672.6771 
4:30 PM 169 0 50 0 0 164 5 186 5 7 673.6875 
4:45 PM 172 2 59 0 0 165 0 203 2 6 706.6979 
5:00 PM 164 1 69 0 0 161 1 200 3 5 698.7083 
5:15 PM 198 0 57 0 0 161 3 192 0 8 692.7188 
5:30 PM 177 0 46 0 0 120 3 198 2 5 651.7292 
5:45 PM 186 0 44 0 0 134 5 194 0 2 667.7396 
Totals 1420 4 421 2 0 1220 23 1545 19 44 5477.625 
Totals for 
the peak 
outflow 
hour 
(4:00 PM 
- 5:00 
PM) only 
695 3 205 2 0 644 11 761 14 24 
 Totals for 
the peak 
hour 
(4:30 PM 
- 5:30 
PM) only 
703 3 235 0 0 651 9 781 10 26 
 Adjusted 
values 
1740 7 127 1   398 7 351 6   
  
 
 
 
 
 
 
 
 
  
 
 
 
 
 
121 
 
Appendix G:  Warrant 1 Calculations 
Eight 
Highest 
Hourly 
Volumes 
Eight 
Highest 
Hours 
Volume 
on Major 
Street 
Volume 
on 
Minor 
Street 
2272 
10/20/09: 
6 AM -7 
AM 
1829 443 
2216 
10/19/09: 
2PM - 
3PM 
1728 488 
2202 
10/22/09: 
1 PM - 2 
PM 
1700 502 
2144 
10/21/09: 
2 PM - 3 
PM 
1658 486 
2079 
10/22/09: 
7 AM - 8 
AM 
1648 431 
2078 
10/22/09: 
3 PM - 4 
PM 
1737 341 
2075 
10/21/09: 
1 PM - 2 
PM 
1602 473 
2072 
10/22/09: 
2 PM - 3 
PM 
1589 483 
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Appendix H:  Alternative 3 
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Appendix I:  Alternative 4 
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Appendix J: Land Use 
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Appendix K: Signal Timing
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Appendix L: Hand Calculations for Structural Bridge Design 
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Appendix M: Crash Data Diagram
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